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Abstract 
The main focus of this investigation was to get a greater understanding of the effect of 
combustion frequency, positive pressure amplitude, relative air:fuel ratio (A), water jacket 
temperature and input firing rates on the emissions of NO from pulse combustors. This 
study was carried out by a programme of experimental work combined with the 
development of a one-dimensional model. 
Results obtained in this study from experimental measurement, revealed evidence that a 
Schmidt tube has the ability to operate over a wide range of parameters (such as operating 
frequency, positive pressure amplitude, relative air:fuel ratio, water jacket temperature 
and input firing rates) with variable NO emissions. It was found that the level of NO 
emissions became lower with increasing operating frequency and positive pressure 
amplitude. As an example, when the rig was operated at input firing rate 25 kW and a 
positive pressure amplitude of 0.12 bar, increasing the frequency from 35 Hz to 73 Hz 
produced a monotonic reduction in NO emissions from 61 ppm to 29 ppm (dry, 3% O2). 
An'increase in positive pressure amplitude from 0.05 to 0.12 bar produced a change in 
NO emissions from 46 ppm to 34 ppm. It was also found that the values of NO emissions 
fell. with increasing excess air for A> 1.1. However, NO emissions increased with 
increasing water jacket temperature (Tw) along the length of tail pipe and with increasing 
input firing rates. 
Experimental results showed that the positive pressure amplitude was not dependent on 
the wall jacket temperature. However, the operating range of stable pressure oscillation 
could be extended from I::; A ::; 1.3 to I::; A ::; 1.5 when the controlled wall temperature 
along the length oftailpipe was altered from 55°C to 75 °c. 
A model was developed to study NO formation in valveless Schmidt type pulse 
combustors. The computer model was based on a one-dimensional approach, combined 
with sub-models of an inlet valve and a two-step kinetic combustion model with rate 
equations for the formation of prompt and thermal NO. Convective and radiative heat 
transfer to the tube walls was also incorporated in the model. The inlet valve was 
represented by a quadratic pressure droplflow rate equation with a high discharge 
coefficient in the reverse flow direction; hence inward flow of fresh fuel:air mixture could 
only occur during the negative pressure'part of .the cycle. The frequency of operation was 
defined by the length of the tube," whlc\l was 'considered to be resonating in a quarter-
wavelength longitudinal mode: ' ' 
The model was run over the same envelopeaS"defined in experimental programme. It 
predicted that an increased in frequency of operation produced a reduction in total NO 
formation. The effect of higher'combustion frequency in producing lower NO formation 
rates, due to shorter residence time combined with the reduced volumetric efficiency, was 
strongly evident. Calculation" suggested' that prompt NO contributed approximately 6-
19% to the total predicted NO formation over a range of input firing rates. 
The model also predicted a reduction in NO formation with increasing positive pressure 
amplitude. Results of the detailed calculations were found to be reasonable agreement 
with the experimental observations. 
Page i 
'( 
, 
. , 
Pulse combustion 
Publications from this work 
L Au-Yeung, H, W., Garner, C. P. and Hanby, V.1. An Experimental Study of the 
. effects of Combustion Frequency and Pressure Amplitude on the NO emissions 
from Pulse Combustors. Submitted to the Journal of the Institute of Energy 
(1998). 
2. Poster presentation at the Institute of Physics Current Research in Combustion 
Physics: A forum for Research Students and Young Researchers, which was held 
at the BG Technology Centre, Loughborough, September 1997. 
3. Garner, C. P., Hanby, V.1. and Au-Yeung H. W. NOx Formation in Gas Fired 
Pulse Combustors. Final Report to the EPSRC. Grant GRlK08659 March 1998. 
4. Au-Yeung, H, W., Garner, C. P. and Hanby, V.1. "Theoretical Study of the 
Effects of Combustion Frequency and Pressure Amplitude on the NO formation in 
Pulse Combustors" for submission to the Journal of the Institute of Energy (1998). 
5. Au-Yeung, H. W., Garner, C. P. and Hanby, V.1. "The Role of Combustion 
Frequency and Pressure Amplitude on NO Emissions from Pulse Combustors" for 
submission to Combustion and Flame (1998). 
6. Au-Yeung, H, W., Garner, C. P. and Hanby, V.1. "Pulse Combustor NO 
Emissions and Combustion Stability: The Effect of Coolant Temperature" for 
submission to the IMechE Journal of Power and Energy (1998). 
Page ii 
Pulse combustion 
Acknowledgments 
I would like. to express my sincere gratitude to my supervisors, Dr. C. P: Garner and Prof. 
V. I. Hanby for introducing me to the fascinating subject of pulse combustion and 
providing continuous guidance and support which has contributed significantly to the 
progress of my work. Moreover, I am in debt to both of them for their patience and 
encouragement to see the completion of this work. I would also like to thank the EPSRC 
in the UK for their financial support (GR/K08659) and interest in the present project. 
I would like to thank the following technical staff at Lougborough University with their 
help in the experimental equipment design and construction: Steve Taylor; Bob Ludlam; 
Roger Walton; Steve Hammond; Steve Line; and Steve Retter. 
I would also like to thank my colleagues in the Combustion Section who have assisted me 
during the course of this project. Tim Williams, John Jenkin and Neal Callaghan have 
helped to tackle a number of experimental and modelling problems encountered and 
shared the work load of the large amount of simulation work required for present study. 
Moreover, I acknowledge the friendship provided by Ken Ho, Andrew Ng, Bill Chung, 
Simon Ting, Ryan Lam, Kam Wong and Ming Mo, as well as many other friends that I 
met in Loughborough, who have provided entertainment and many memorable moments 
during my study at Loughborough University. 
Finally, I would like to thank my family members and Miss Linda Lee for their love and 
concern which has made my research work a pleasant experience. Especially during the 
final stage of my writing-up period, their support reduced many of my concerns so that I 
could concentrate on finishing this thesis. 
Page iii 
Pulse combustion 
Abstract 
Publications from this work 
- . - ... . - ~ . ... . -. 
Acknowledgments 
Contents 
List of Figures 
List of Tables 
Nomenclature 
1 Introduction 
2 
3 
1.1 Background of the work 
1.2 The development of pulse combustors 
1.3 Thesis objective 
1.4 Contributions of this work 
1.5 Outline of thesis 
1.6 Chapter 1 references 
Characteristics of pulse combustion and its 
applications 
2.1 Introduction 
2.2 Pulse combustion cycles mechanism 
2.3 Types of inlet valve fitted in pulse combustors 
2.3.1 Mechanical valve Schmidt combustor 
2.3.2 Aerodynamic valve Schmidt combustor 
2.3.3 Valveless Schmidt combustor 
2.4 Industrial application of pulse combustors 
2.4.1 Water heater and steam boilers 
2.4.2 Baking oven 
2.4.3 Fogging generator 
2.4.4 Air heater 
2.5 Conclusion 
2.6 Chapter 2 references 
Design of a premixed natural gas Schmidt type 
pulse combustor 
3.1 Introduction 
3.2 Factors that effect the pulse combustor design 
Page 
No: 
ii 
·iii . 
iv 
viii. 
xiii 
xiv 
1 
1 
2 
5 
6 
6 
7 
9 
9 
10 
15 
15 
17 
19 
20 
20 
22 
23 
24 
25 
25 
28 
28 
29 
Page iv 
Pulse combustion 
3.2.1 Gas input rate 30 
3.2.2 Geometry of combustion chamber 30 
3.2.3 Operating frequency 31 
3.2.4 Prediction oscillation amplitude of pressure in 31 
combustion chamber 
3.2.5 Damping tube design 32 
3.2.6 Water jacket design 33 
3.2.7 Dimension of air tube 34 
3.2.8 Dimension of fuel nozzle 34 
3.2.9 Variable length of flanged section design 35 
3.2.10 Material section 35 
3.2.11 Design of the end section oftailpipe length 36 
3.2.12 Design of the wall thickness of tail pipe and water 36 
jacket 
3.3 Experimental apparatus set up 37 
3.3.1 Frequency control 37 
3.3.2 Pressure amplitude control 38 
3.3.3 Water temperature control 38 
3.3.4 Air and fuel flow rates control 38 
3.4 Experimental instrumentation 39 
3.5 Preliminary test results 40 
3.5.1 Pressure measurement 40 
3.5.2 Frequency measurement 43 
3.5.3 Mean gas temperature measurement 44 
3.6 Conclusions 45 
3.7 Chapter 3 references 46 
4 Systematic experimental measurements 49 
4.1 Introduction 49 
4.2 NO emissions measurement 49 
4.2.1 Relationship between combustion frequency and NO 50 
emiSSIOns 
4.2.2 Relationship between combustion pressure amplitude and 54 
NO emissions 
4.2.3 Relationship between air:fuel ratio and NO 58 
emissions 
4.2.4 Relationship between water jacket temperature and NO 62 
emissions 
4.2.5 Relationship between input firing rate and NO emissions 71 
4.3 Experimental results conclusions 76 
4.4 Chapter 4 references 77 
5 Numerical modelling of pulse combustion 79 
5.1 Introduction 79 
Page v 
Pulse combustion 
5.2 Mathematical modelling 79 
5.2.1 Boundary conditions 80 
5.2.2 Kinetic combustion model 82 
5.2.3 Gas temperature sub-model 83 
5.2.4 Heat transfer model 84 
5.2.4. r· ·Convection sub-model 84 
5.2.4.2 Radiation sub-model 86 
5.2.5 NO fonnation model 87 
5.3 Predicted results discussion and validation 91 
5.3.1 Relationship between combustion frequency and predicted 91 
NO fonnation 
5.3.2 Relationship between positive pressure amplitude and 103 
predicted NO fonnation 
5.3.3 Relationship between relative air:fuel ratio and predicted 105 
NO fonnation 
5.4 Predicted results conclusions 106 
5.5 Chapter 5 references 107 
6 Overall conclusions and suggestions for 
further work 
6.1 Overall conclusions 
6.2 Suggestions for further work 
6.3 Chapter 6 references 
Appendixes: 
Appendix A3.1 : Design of internal diameter of water jacket 
Appendix A3.2: Variable length offlanged tube section design 
Appendix A3.3: Fulton boiler works Ltd. infonnation 
Appendix A3.4: Technical assembly drawing 
Appendix A3.5: Water closed circuit 
Appendix A3.6: DT 2805 series software package 
Appendix A4.1 : Effect of frequency on NO emissions over a range of 
relative air:fuel ratios between 1..=1.1 and 1..=1.5 (tested at 
Tw=55°C) 
Appendix A4.2: Effect of frequency on NO emissions over a range of 
relative air:fuel ratios between A.=l.I and 1..=1.5 (tested at 
Tw=65 °c and 75°C) 
Appendix A4.3: Relationship between NO emissions and positive pressure 
amplitude at different input firing rates over a range ofrelative 
air:fuel ratios between 1..=1.1 and 1..=1.5 (tested at 
Tw=55 QC, 65°C and 75 0c) 
Appendix A4.4: Coefficient of Variation (COV) 
Appendix A4.5: Oscillation pressure traces 
Page vi 
110 
110 
112 
114 
115 
115 
118 
122 
127 
129 
131 
133 
139 
148 
163 
168 
Pulse combustion 
Appendix AS.l: Mathematical description of flow rates entering the 173 
combustion chamber 
Appendix AS.2: Adiabatic flame temperature calculation 175 
Appendix AS.3: Relationship between predicted NO formation and combustion 176 
frequency at different input firing rates (at /,,=1, Tw=65 
°c and 75°C, and +ilP=O.05 bar) 
Appendix AS.4: Predicted and measured NO concentration against combustion 179 
frequency (at /"=\, Tw=65 °c and 75°C, and +ilP=O.05 bar) 
Appendix AS.S: Predicted NO formation against positive pressure amplitude at 182 
different input firing rates (at /"=\, Tw=65 °c and 75°C) 
Appendix AS.6: Predicted and measured NO concentration against positive 185 
pressure amplitude at different input firing rates (at /" = \ , 
Tw=55 °c and L=\.55m to 3.0m) 
Appendix AS. 7: Predicted NO formation varies air:fuel ratio from \ to 1.3 at 190 
different input firing rates (at Tw=55 °c and L=2.0m, 
2.55 m and 3.0m) 
Appendix A6.1: Explicit Finite-Difference Scheme 194 
Page vii 
Pulse combustion 
List of Figures 
Chapter 1 
Figure 1.1 Time-resolved velocity profiles across the tailpipe 
Chapter 2 
Figure 2.1 :a 
Figure 2.I:b 
Figure 2.I:c 
Figure 2.2:a 
Figure 2.2:b 
Figure 2.3:a 
Figure 2.3:b 
Figure 2.4 
Figure 2.5 
Figure 2.6 
Figure 2.7 
Figure 2.8 
Figure 2.9 
Figure 2.10 
Figure 2.11 
Figure 2.12 
Chapter 3 
Figure 3.1 
Figure 3.2 
Figure 3.3 
Figure 3.4 
Figure 3.5:a 
Figure 3.5:b 
Figure 3.6 
Figure 3.7 
Figure 3.8 
Figure 3.9 
Figure 3.10 
Chapter 4 
Figures 4.1 :a-b 
Figures 4.2:a-d 
Figures 4.3:a-d 
Figures 4.4:a-b 
Starting cycle 
Positive pressure cycle 
Negative pressure cycle 
Acoustic pressure amplitude and velocity along the quarter wave pulse 
combustor at fundamental frequency 
Acoustic pressure amplitude and velocity along the third-quarter wave pulse 
combustor at first harmonic frequency 
Relationship between heat release and relative timing of pressure oscillation 
at high frequencies 
Relationship between heat release and relative timing of pressure oscillation 
at low frequency 
Single-reed valve 
Multiple air-inlet valve 
Aerodynamic valve Schmidt combustor 
Valve less schmidt combustor 
Structure of a typical storage water heater 
Structure of a steam boiler 
Structure of gas oven 
A Swingfog pulse combustor 
A Lennox domestic, pulse combustor, warm-air, house heater 
Quarter-wave type pulse combustor with two damping tubes 
Effect of a gas temperature on NO formation rate 
Schematic of experiment apparatus 
Positive pressure amplitude along the tail pipe 
Stable pressure trace signal from DT2805 software package at 10 kW 
Stable pressure trace signal from DT2805 software package at 15 kW 
Positive pressure amplitude in combustion chamber variation with relative 
air:fuel ratio 
Positive pressure amplitude (+c.P)against the piston rod position inside 
the damping tubes 
Observed change of combustion frequency with the length oftailpipe 
Observed change of combustion frequency with input firing rates 
Mean gas temperature along the tailpipe of Schmidt combustor 
Relationship between NO emissions and combustion frequency at different 
input firing rates (tested at j.=1 and Tw=55 0c) 
Relationship between NO emissions and combustion frequency at different 
input firing rates (tested at j.=1 and Tw=65 °C) 
Relationship between NO emissions and combustion frequency at different 
input firing rates (tested at j. = I and Tw=75 0c) 
Relationship between NO emissions and positive pressure amplitude (+c.P) at 
different input firing rates (tested at j.=1 and Tw=55 0c) 
Page viii 
Page 
No: 
I 
4 
9 
II 
12 
12 
13 
13 
14 
14 
17 
17 
18 
19 
21 
21 
22 
23 
24 
28 
32 
33 
37 
41 
41 
41 
42 
43 
43 
44 
45 
49 
51 
52 
53 
55 
Pulse combustion 
Figures 4.5:a-b Relationship between NO emissions and positive pressure amplitude (+/lP) at 56 
different input firing rates (tested at 1.=1 and Tw=65 'c) 
Figures 4.6:a-b Relationship between NO emissions and positive pressure amplitude (+6P) at 57 
different input firing rates (tested at 1.=1 and Tw=75 'c) 
Figures 4.7:a-d Relationship between NO emissions and relative air:fuel ratio at input firing 59 
rates of 10 kW and 25 kW (tested at Tw=55 'C and possible maximum positive 
pressure amplitude) 
Figures 4.8:a-d Relationship between NO emissions and relative air:fuel ratio at input firing 60 
rates of 10 kW and 25 kW (tested at Tw=65 'c and possible maximum positive 
pressure amplitude) 
Figures 4.9:a-d Relationship between NO emissions and relative air:fuel ratio at input firing 61 
rates of 10 kW and 25 kW (tested at Tw=75 'c and possible maximum positive 
pressure amplitude) 
Figures 4.10:a-b Relationship between NO emissions and water jacket temperature at 62 
different input firing rates (tested at 1.=1 and tailpipe length =1.55 m) 
Figures 4.11 :a-b Relationship between NO emissions and water jacket temperature at 63 
different input firing rates (tested at 1.=1 and tailpipe length =2.0 m) 
Figures 4.12:a-b Relationship between NO emissions and water jacket temperature at 64 
different input firing rates (tested at 1.=1 and tailpipe length =2.55 m) 
Figures 4.13 :a-b Relationship between NO emissions and water jacket temperature at 65 
different input firing rates (tested at 1.=1 and tailpipe length =3.0 m) 
Figures 4.14:a-b Effect of water jacket temperature on positive pressure amplitude (+/lP) at input 66 
firing rates oflO kW and 25 kW respectively (tested at 1.=1-1.5 and tailpipe 
length =1.55m) 
Figures 4.15:a-b Effect of water jacket temperature on positive pressure amplitude (+L\P) at input 66 
firing rates of 10 kW and 25 kW respectively (tested at 1.=1-1.5 and tailpipe 
length =2.0m) 
Figures 4.16:a-b Effect of water jacket temperature on positive pressure amplitude (+L\P) at input 67 
firing rates of 10 kW and 25 kW respectively (tested at 1.=1-1.5 and tailpipe 
length =2.55m) 
Figures 4. I 7:a-c Effect of water jacket temperature on Coefficient of Variation with relative 68 
air:fuel ratio from 1.=1 to 1.=1.5 (tested at Tw=55 'c and input fIring rates 
from 10kW to 25 kW) 
Figures 4. I 8:a-c Effect of water jacket temperature on Coefficient of Variation with relative 69 
air:fuel ratio from 1.=1 to 1.=1.5 (tested at Tw=65 'c and input firing rates 
from 10kW to 25 kW) 
Figures 4.19:a-c Effect of water jacket temperature on Coefficient of Variation with relative 70 
air:fuel ratio from 1.=1 to 1.=1.5 (tested at Tw=75 'c and input fIring rates 
from 10kW to 25 kW) 
Figures 4.20:a-d Relationship between NO emissions and input firing rates over a range of 72 
positive pressure amplitude and tailpipe lengths (tested at 1.=1 and Tw=55 'c) 
Figures 4.21 :a-d Relationship between NO emissions and input fIring rates over a range of 73 
positive pressure amplitude and tailpipe lengths (tested at 1.= 1.2 and Tw=55 
'c) 
Figures 4.22:a-d Relationship between NO emissions and input fIring rates over a range of 74 
positive pressure amplitude and tailpipe lengths (tested at 1.=1 and Tw=65 'c) 
Figures 4.23:a-d Relationship between NO emissions and input fIring rates over a range of 75 
Chapter 5 
Figure 5.1 
Figure 5.2 
positive pressure amplitude and tailpipe lengths (tested at 1.=1 and Tw=75 
'C) 
One-dimensional geometry used for computer simulation 
Theoretical improvement of heat transfer coefficient by the effect of flow 
oscillation 
Pageix 
79 
80 
86 
Pulse combustion 
Figures 5.3:a-d Relationship between predicted NO fonnation and combustion frequency at 
Figure 5.4 
different input firing rates (tested at A.=I, Tw=55 'c and +6P=0.05 bar) 
Temporally resolved thennal and prompt NO fonnation rates in combustion 
chamber and tailpipe length 1.55m 
Temporally resolved thennal and prompt NO fonnation rates in combustion 
chamber and tailpipe length 3.00m . - - . . - . 
Figure 5.6 
Figure 5.7 
Figure 5.8 
Time-resolved rate offonnation ofthennal NO for frequencies 30 and 60 Hz 
Time-resolved rate offonnation of prompt NO for frequencies 30 and 60 Hz 
Relationship between maximum value of NO fonnation rates and combustion 
frequency 
Figures 5.9: a-d Predicted and measured NO concentration against combustion frequency 
(at A.=l, Tw=55 'c and +6P=0.05 bar) 
Figures 5.10: a-d Predicted and measured NO concentration against combustion frequency 
(at A.=l, Tw=55 'c and +6P=0.09 bar) 
Figures 5.11: a-d Predicted and measured NO concentration against combustion frequency 
(at1..=I, Tw=55 'c and +6P=0.12 bar) 
Figure 5.12: a-d Predicted and measured NO concentration against combustion frequency 
Figure 5.13 
(at A.=I, Tw=55 'c and MP=0.15 bar) 
Relationship between combustion frequency and tail pipe length and input 
firing rates 
Figures 5.14:a-b Predicted NO fonnation against positive pressure amplitude at different input 
firing rates (at A.=l, Tw=55 'c) 
Figures 5.15 :a-b Predicted NO fonnation variation with relative air:fuel ratio from I to 1.3 at 
different input firing rates (at Tw=55 'c and tailpipe length 1.55 m) 
Appendix A3.5 
Figure A3.5.1 Water closed circuit 
Figure A3.5.2 A shell and tube 
Appendix A3.6 
Figure A3.6.1 Block diagram AID converter 
Appendix A4.1 
Figures A4.1.1 :a-d Relationship between NO emissions and combustion frequency at different 
input firing rates (tested at A.=l.l and Tw=55 'c) 
Figures A4.1.2:a-d Relationship between NO emissions and combustion frequency at different 
input firing rates (tested at A.=1.2 and Tw=55 'c) 
Figures A4.1.3 :a-d Relationship between NO emissions and combustion frequency at different 
input firing rates (tested at A.=1.3 and Tw=55 'c) 
Figures A4.1.4:a-d Relationship between NO emissions and combustion frequency at different 
input firing rates (tested at A.=I.4 and Tw=55 'c) 
Figures A4.1.5:a-b Relationship between NO emissions and combustion frequency at different 
input firing rates (tested at A.=1.5 and Tw=55 'c) 
Appendix A4.2 
Figures A4.2.1 :a-d Relationship between NO emissions and combustion frequency at different 
input firing rates (tested at A.=l.l and Tw=65 'c) 
Figures A4.2.2:a-d Relationship between NO emissions and combustion frequency at different 
inpuI firing rales (tested at A.=1.2 and Tw=65 'c) 
Figures A4.2.3 :a-d Relationship between NO emissions and combustion frequency at different 
input firing rates (tested at A.= 1.3 and Tw=65 'c) 
Figure A4.2.4 Relationship between NO emissions and combustion frequency at input 
firing rates 20kW (tested at A.=1.4 and Tw=65 'c) 
Page x 
92 
95 
95 
96 
96 
98 
99 
100 
101 
102 
103 
104 
106 
129 
129 
130 
131 
131 
133 
134 
135 
136 
137 
138 
139 
140 
141 
142 
143 
Pulse combustion 
Figures A4.2.5:a-d Relationship between NO emissions and combustion frequency at different 144 
input firing rates (tested at ,,=\.1 and Tw=75 'c) 
Figures A4.2.6:a-d Relationship between NO emissions and combustion frequency at different 145 
input firing rates (tested at ,,=\.2 and Tw=75 .c) 
Figures A4.2.7:a-d Relationship between NO emissions and combustion frequency at different 146 
input firing rates (tested at ,,=\.3 and Tw=75 'c) 
Figures A4.2.8:a-b Relationship between NO emissions and combustion frequency at different 147 
input firing rates (tested at ,,=1.4 and Tw=75 'c) 
Appendix A4.3 
Figures A4.3.1 :a-d Relationship between NO emissions and positive pressure amplitude at 
different input firing rates (tested at ,,=1.1 and Tw=55 'c) 
Figures A4.3.2:a-d Relationship between NO emissions and positive pressure amplitude at 
different input firing rates (tested at ,,=1.2 and Tw=55 .c) 
Figures A4.3.3 :a-d Relationship between NO emissions and positive pressure amplitude at 
different input firing rates (tested at ,,=1.3 and Tw=55 'c) 
Figures A4.3.4:a-c Relationship between NO emissions and positive pressure amplitude at 
different input firing rates (tested at ,,=1.4 and Tw=55 'c) 
Figure A4.3.5 Relationship between NO emissions and positive pressure amplitude at 
different input firing rates (tested at ,,=1.5 and Tw=55 .c) 
Figures A4.3.6:a-d Relationship between NO emissions and positive pressure amplitude at 
different input firing rates (tested at ,,=1.\ and Tw=65 'c) 
Figures A4.3.7:a-d Relationship between NO emissions and positive pressure amplitude at 
different input firing rates (tested at ,,=1.2 and Tw=65 .c) 
Figures A4.3.8:a-d Relationship between NO emissions and positive pressure amplitude at 
different input firing rates (tested at ,,=\.3 and Tw=65 'c) 
Figures A4.3.9:a-b Relationship between NO emissions and positive pressure amplitude at 
different input firing rates (tested at ,,=1.4 and Tw=65 'c) 
Figures A4.3.10:a-d Relationship between NO emissions and positive pressure amplitude at 
different input firing rates (tested at ,,=1.1 and Tw=75 .c) 
Figures A4.3.11 :a-d Relationship between NO emissions and positive pressure amplitude at 
different input firing rates (tested at ,,=1.2 and Tw=75'C) 
Figures A4.3.12:a-d Relationship between NO emissions and positive pressure amplitude at 
different input firing rates (tested at ,,=1.3 and Tw=75 'c) 
Figures A4.3.\3:a-c Relationship between NO emissions and positive pressure amplitude at 
different input firing rates (tested at ,,=1.4 and Tw=75 .c) 
Figures A4.3.14:a-d Relationship between NO emissions and positive pressure amplitude at 
different input firing rates (tested at ,,=1.5 and Tw=75 'c) 
Appendix A4.4 
Figure A4.4.1 Standard deviation of peak pressure amplitude in combustion chamber, at relative 
air:fuel ratio 1 and input firing rate 25 kW (stable oscillation) 
Figure A4.4.2 Standard deviation of peak pressure amplitude in combustion chamber, at relative 
air:fuel ratio lA and input firing rate 25 kW (unstable oscillation) 
Figure A4.4.3 Stability of pressure oscillation traces vs time at relative air:fuel ratio 1, input 
firing rate 25 kW and tailpipe length 2.55m (stable oscillation) 
Figure A4A.4 Stability of pressure oscillation traces vs time at relative air:fuel ratio 1.4, input 
firing rate 25 kW and tailpipe length 2.55m (unstable oscillation) 
Appendix A4.5 
Figures A4.5.1 :a-f Stability of pressure oscillation traces Vs time at input firing rate 15 kW 
and over a range of relative air:fuel ratios from I to 1.5 (tested at Tw =55 'c) 
Page xi 
148 
149 
150 
151 
152 
153 
154 
155 
156 
157 
158 
159 
160 
161 
162 
163 
165 
165 
166 
166 
168 
170 
Pulse combustion 
Figures A4.5.2:a-fStability of pressure oscillation traces Vs time at input fIring rate 15 kW 
and over a range of relative air:fuel ratios from I to 1.5 <tested at Tw =75·C) 
Appendix A5.3 
Figures A5:3:1 :.cd -Relationship'between predicted ·NO formation· and combustion frequency at 
different input fIring rates <at 1.=1, Tw=65·C and +6.P=0.05 bar) 
Figures A5.3.2:a-d Relationship between predicted NO formation and combustion frequency at 
different input fIring rates <at 1.=1, Tw=75·C and +6.P=0.05 bar) 
Appendix A5.4 
Figures A5.4.l :a-d Predicted and measured NO concentration against combustion frequency 
<at 1.=1, Tw=65·C and +6.P=0.05 bar) 
Figures A5.4.2:a-d Predicted and measured NO concentration against combustion frequency 
<at 1.=1, Tw=75 ·C and +6.P=0.05 bar) 
Appendix A5.5 
Figures A5.5.1 :a-d Predicted NO formation against positive pressure amplitude at different input 
fIring rates <at 1.=1, Tw=65·C) 
Figures A5.5.2:a-d Predicted NO formation against positive pressure amplitude at different input 
fIring rates <at 1.= I, Tw=75 .C) 
Appendix A5.6 
Figures A5.6.1 :a-d Predicted and measured NO concentration at different input fIring rates 
<at 1.=1, Tw=55 ·C and tailpipe length 1.55m) 
Figures A5.6.2:a-d Predicted and measured NO concentration at different input fIring rates 
<at 1.=1, Tw=55·C and tailpipe length 2.0m) 
Figures A5.6.3:a-d Predicted and measured NO concentration at different input fIring rates 
<at 1.=1, Tw=55·C and tailpipe length 2.55m) 
Figures A5.6.4:a-d Predicted and measured NO concentration at different input fIring rates 
<at 1.=1, Tw=55 ·C and tailpipe length 3.00m) 
Appendix A5.7 
Figures A5.7.1 :a-d Predicted NO formation variation with relative air:fuel ratio from I to 1.3 at 
different input fIring rates <at Tw=55 ·C and tailpipe length 2.00 m) 
Figures A5.7.2:a-d Predicted NO formation variation with relative air:fuel ratio from I to 1.3 at 
different input fIring rates <at Tw=55 ·C and tailpipe length 2.55 m) 
Figures A5.7.3:a-d Predicted NO formation variation with relative air:fuel ratio from I to 1.3 at 
different input fIring rates <at Tw=55 ·C and tailpipe length 3.00 m) 
Appendix A6.1 
Figure A6. I. I. Initial and boundary condition of this equation 
Figure A6.1.2. Variation of the function f along the s-coordinate 
Figure A6.1.3. Alternative diagram for a fInite-difference scheme 
Figure A6.1.4. Diagram for the explicit fInite-difference scheme 
Figure A6.1.5. Grid points for the explicit fInite-difference scheme 
Page xii 
172 
176 
177 
178 
179 
180 
181 
182 
183 
184 
185 
186 
187 
188 
189 
190 
191 
192 
193 
194 
194 
195 
198 
199 
201 
Pulse combusation 
List of Tables 
Table 4.1 
Table 5.1 
Table 5.2 
Table A3.1 
Experimental test envelope 
Modelling test envelope 
Predicted NO fonnation per cycle at different input firing rates and different 
tailpipe lengths 
Diameter of water jacket minimum required in different v.iii,,. of wafer flow 
velocity and input firing rates 
Page 
No: 
50 
91 
93 
117 
Page xiii 
Pulse combustion 
Nomenclature 
f 
L 
+L1P 
R 
NOth 
NOpr 
d(NOth)/dt 
d(NOpr)/dt 
Pmean 
Pamp 
Pmix 
cd 
d[C~]/dt 
[CH4] 
d[C02]/dt 
[CO] 
[02] 
[02]e 
[N2]e 
T 
cv 
Combustion frequency (Hz) 
Tailpipe length (m) 
Combustion positive pressure amplitude (Pa) 
Input firing rate (kW) 
Water jacket temperature (QC) 
Relative air:fuel ratio (-) 
Cycle time (s) 
Universal gas constant (J/mole-K) 
Thermal NO (ppm) 
Prompt NO (ppm) 
Thermal NO formation rates (mole/sec-cm3) 
Prompt NO formation rates (mole/sec-cm3) 
Mean pressure (bar) 
Oscillation pressure across combustion chamber (Pa) 
Density of the mixtures (kg/m3) 
Volumetric flow coefficient (-) 
The rate of fuel burning (mole/sec-cm3) 
Concentration of fuel (mole/cm3) 
The rate of carbon dioxide formation (mole/sec-cm3) 
Concentration of carbon monoxide (mole/cm3) 
Concentration of oxygen (mole/cm3) 
Equilibrium concentration of oxygen (mole/cm3) 
Equilibrium concentration of nitrogen (mole/cm3) 
Gas temperature (K) 
The net specific heat of the fuel (J/kg) 
The enthalpy of fuel and air (J) 
The enthalpy of products (J) 
Heat transfer coefficient (W/m2K) 
Page xiv 
Pulse combustion 
D Dimeter of tube (m) 
Cp Specific heat of gas at constant pressure (Jlkg-K) 
f.l Viscosity of combustion gas (N-s/m2) 
v . -Kinematic viscosity of gas (m2s- I)- - •• __ o-
k Thermal conductivity of gas (W/mK) 
V Gas particle velocity (ms-I) 
Vm Steady flow particle velocity (ms-I) 
ii Time averaged heat transfer coefficient (W Im2K) 
B Dimensionless pulsation velocity (-) 
ha Heat transfer coefficient without oscillation (W Im2K) 
hr Effective radiation coefficient (W Im2K) 
qr Radiation heat transfer (W) 
a g Stefan-Boltzmann constant (W/m2K4) 
a g Absorptivity of gas (-) 
cg . Emissivity of gas (-) 
TWi Inner wall temperature (K) 
a Oxygen reaction order (-) 
p Fuel reaction order (-) 
a Standard deviation of peak pressure amplitude (bar) 
ID Angular frequency (S-I) 
Page xv 
Pulse combustion 
1 Introduction 
1.1 Background of this work 
Pulse combustion heating devices have many advantages over conventional systems. 
These include high thermal efficiency, high heat transfer and the ability to self-aspirate. 
Another major advantage is their lower NO emissions e.g. 34-36 ppm NO emissions in 
pulsating devices compared to 58-138 ppm in conventional boilers [1.1][1.2]. These 
advantages have encouraged the development of a number of pulse combustion devices 
such as space and water heaters. However, the development of such devices has been 
based mainly upon trial-and-error experiments since knowledge of the underlying physical 
mechanisms is limited. The present research was aimed at improving the understanding 
of the mechanisms of pulse combustion, both theoretically and experimentally, 
particularly with regards to NO formation and emissions. 
The fundamental processes found in pulse combustion are both physical and chemical and 
include chemical kinetics, fluid mechanics and transport processes. Once these are 
understood, the characteristics of pulse combustors with regards to operation pressure, 
combustion frequency, temperature, fuel-air ratio and gas velocity etc. may be determined. 
Greater fundamental knowledge would provide the ability to improve the performance of 
existing pulse combustors and reduce the development time of new systems. The 
knowledge can also encourage the development of new applications of pulse combustion. 
Page I 
Pulse combustion 
In this first chapter, we consider the development of pulse combustors during this century. 
The thesis objectives and overview of its structure are then presented and finally the 
achievements of the present work are summarised. 
1.2 The development of pulse combustors 
The exact details of how a pulse combustor operates will be discussed in chapter 2. Here, 
the important milestones leading to the current study are discussed. 
Initial experimental investigations concerning the use of pulse combustion in gas turbine 
and jet propulsion engines began at the start of the 20th century [1.3]. This work led to 
the pulse jet, a device which was used as the propulsion unit for the Gennan V -I flying 
bombs in the 1939-45 war. Dispite the success of the V -I bombs, interest in the pulse jet 
engine halted at the end of the war and remained essentially donnant for approximately 
two decades. 
In the early 1960's the potential commercial benefit of pulsation techniques in the energy 
generation industry was highlighted and interest in the combustion process was renewed. 
It was at this time that Francis et al [1.4] initiated a series of investigations into the 
working mechanisms of pulsating devices and their potential in industrial applications. A 
large number of experiments, such as functional tests to measure the effect of burner 
geometry on combustion frequency and stability, were conducted at the Midland Research 
Station. Francis et al found the combustion frequency to be inversely proportional to the 
length of the exhaust tube. Ideally the exhaust tube length should be such that it is able to 
resonate as a quarter-wave tube. This would set up a standing pressure wave whereby a 
pressure antinode would exist near the flame and node at the bumer exit. Francis et al 
[1.4] also reported a sudden frequency '1ump" from low to higher values (a "hop mode") 
when the exhaust tube length was increased beyond a certain length. It was thought that 
the combustion frequency increase corresponded to a higher harmonic of oscillation. 
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In 1969, Hanby [1.5] reported that velocity fluctuation produced by combustion-driven 
oscillations directly affects convective heat transfer processes in pulse combustion 
devices. In systems containing a stationary wave (organ pipe), the maximum and 
minimum heat transfer coefficient values are at the velocity antinode (i,e. at the open end 
of the tube) and the velocity node (the closed end) respectively. Hanby [1.5], reported 
high combustion intensity and superior heat transfer rates in these pulsating devices. 
Such devices can achieve heat transfer coefficient values 2 to 3 times greater than those 
from a conventional, non-pulsating burners. These findings have encouraged further 
development of pulse combustion systems and its industrial applications. However, the 
chemical and physical mechanisms inside the combustion zone are complex and 
fundamental parameters governing such processes are still some way from being fully 
understood. 
In the 1980's, an experimental research program aiming to enhance the understanding of 
fundamental processes in pulse combustion was initiated at Sandia National Laboratories, 
USA. This project was focused primarily on factors which may affect the amplitude of 
pressure oscillation in combustion chambers and flue gas emissions. A range of laser 
techniques such as Laser Doppler Velocimetry and two line atomic fluorescence were 
used to make temporally and spatially resolved gas velocity and gas temperature 
measurements throughout the combustion chamber and tailpipe. Results revealed no 
evidence of sufficient reverse flow due to the dynamic velocity of gases from the tailpipe 
back into the combustion region of the chamber, and this eliminated the hypothesis that 
mixing of cool tail pipe gases with combustion gases lowers the product temperature and 
hence the formation rate of NO during combustion. Profiles of product gas velocity in the 
tailpipe, obtained by John and Keller [1.6], presented here in Figure 1.1, were found to be 
divided into three regions: region one had a flat velocity profile across the centre line 
which was essentially the bulk velocity behaviour. The second region exhibited a 
symmetric profile, while the third region revealed earlier reverse in flow direction, in the 
flow adjacent to the chamber wall when compared to the core flow of gas (normalized 
cycle time 0.25 to 0.7). Full profiles of velocity at various cycle times are discussed in 
greater depth in reference [1.6]. 
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Time·resolved velocity profiles across the tailpipe. t' is time normalized 
by the period of a cycle. The direction of the arrows indicates the direction 
of the temporal velocity gradient. From [1.6]. 
The temperature profiles in the combustion chamber produced by Keller [1.7] also 
depicted three distinct regimes. Initially between a cycle time of zero to approximately 
0.6 of cycle time, the gas temperature showed a steady decline due to the injection of cold 
reactants into the combustion chamber. As the reactant become adequately mixed with 
hot products in the chamber, ignition occurred and the temperature rose sharply. This 
took place within 0.6·0.8 of the cycle time. Beyond this period of rapid energy release, 
the temperature decreased during the final stages of the combustion cycle (normalized 
cycle time of 0.8·1.0) due to the mixing of the warmed gases with cooler residual 
products of the previous cycle. These profiles not only increased the understanding of 
fluid mechanical processes during pulsation, but provided an insight into the mechanisms 
responsible for the enhanced scalar transport processes and also reinforced the motivation 
to understand how pulse combustion devices exhibit low levels of NO emission. 
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Further Sandia [1.7] work concerning the fundamental mechanisms responsible for low 
NO production in a Helmholtz type pulse combustor concluded that lower residence time 
at high temperatures and hence low.th.ermal NO levels, is the result of augmented heat 
transfer rates. The work also suggested that strain rate ·eff~cts,· upon ·the mixing of-
reactants with residual products, may also contribute to a lower production rate [1.2]. 
Studies investigating the effects of fuel composition variation on NO formation have been 
reported in [I.8]. However, to date, there appears to be no reported work on the effects of 
combustion frequency, pressure amplitude, relative air:fuel ratio, input firing rates and 
wall temperature distribution along the tailpipe on NO emissions over a significant 
operating range. 
1.3 Thesis objective 
The main purpose of this research was to use a simple quarter wave Schmidt tube pulse 
combustor to explore the relationship between combustion frequency, pressure amplitude, 
relative air:fuel ratio, input firing rates, wall temperature distribution along the tail pipe 
and NO emissions. The work was carried out in two major stages. The first stage was to 
design a natural gas Schmidt type pulse combustor. The work included the design and 
construction of the rig and verification of it ability to operate over a wide range of 
parameters (such as air:fuel ratios etc.) with variable NO emissions. The experimental 
results obtained in this work provide information to help explain the operating 
characteristics of quarter wave type combustors and hence can lead to improved 
performance in terms of efficiency and emissions. The second stage of the work was to 
develop a one-dimensional mathematical model to predict the NO formation in Schmidt 
type pulse combustor. The objective here was to simulate the relationship between 
combustion frequency, pressure amplitude, relative air:fuel ratio, input firing rates, wall 
temperature distribution along the tailpipe and NO formation. Computer simulated 
results were then compared with the experimental data. 
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1.4 Contributions of this work 
The significant achievements of this research are sWl1l1i.ansed -as- follows: 
I. The design, construction and operation of an experimental Schmidt tube pulse 
combustion system that operates controllably over a wide range of frequencies, 
amplitudes, air:fuel ratios, firing rates and water jacket temperatures. 
2. A large experimental data-set showing the independent effects of combustion pressure 
amplitude, combustion frequency, tube length, air:fuel ratio, firing rates and wall 
temperature on NO emissions. 
3. A mathematical model incorporating two-step combustion, prompt and thermal NO 
formation and dynamic heat transfer. The results compare favourably with the 
experimental findings and provide valuable new insights to the combustion, emission 
and heat transfer characteristics of pulse combustion. 
4. A new understanding of the dominant mechanism promoting low NO emissions from 
pulse combustors. 
This work has addressed a number of important questions raised in the scientific and 
technical literature. The achievements are considered to be a significant and timely 
contribution to the understanding of pulse combustors. 
1.5 Outline of thesis 
The remaining chapters of this thesis are summarised as follows: 
Chapter 2. An introduction to pulse combustion and its operating principle IS given. 
Applications of industrial pulse combustors are also discussed. 
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Chapter 3. The design and construction of a natural gas Schmidt type pulse combustor is 
described. Each experimental instrument is also individually discussed. In addition, the 
results of a set of preliminary tests to establish the operation of the unit are reported. 
Chapter 4. A series of systematic experimental results are presented. The results from 
this work provides information to explore the relationship between combustion frequency, 
pressure amplitude, relative air:fuel ratio, input firing rates and water jacket temperature 
along the tailpipe on NO emissions. 
Chapter 5. A one-dimension mathematical model, incorporating two-step combustion, 
prompt and thermal NO formation and dynamic heat transfer, is developed. Predicted 
results are compared with available experimental data. 
Chapter 6. In this final chapter, the overall conclusions and some recommendations for 
future work are given. 
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2 Characteristics of pulse combustion and its 
applications 
2.1 Introduction 
The phenomenon of combustion driven oscillation was first observed in 1777 by 
Higgin [2.1] and was explained by Lord Rayleigh in 1878 [2.2], who proposed the 
hypothesis of driving oscillations by periodic heat release in a gaseous medium. This 
hypothesis states that for a combustion driven oscillation to occur, a varying rate of 
heat release in phase with the variation of pressure must be present. When heat 
release is totally in phase with the pressure oscillation, the pressure amplitude will be 
driven to high value. This is known as the Rayleigh Criterion. Using these basic 
ideas, designs have been produced for pulsating combustion in aeronautical engines 
(e.g. V -I pulse jet), space heaters, boilers and even for a musical instruments (e.g. the 
pyrophone). This musical instrument, based upon combustion driven oscillation, 
consists of a small gas jet in tubes of varying length. When a key is pressed, the jet is 
ignited and produces a clear note. The pyrophone is on display at the Science 
Museum, London. 
In order to obtain an understanding of the combustion-driven acoustic oscillation 
phenomenon, different types of pulse combustion bumer and more recently its 
development in industrial applications, are discussed in the following sections. 
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2.2 Pulse combustion cycles mechanism 
Lord Rayleigh [2.2] suggested that combustion-driven acoustic oscillation may be 
classified into three basic types as summarised below: 
I. Longitudinal: 
2. Radial: 
3. Tangential: 
The gases move back and forth along the axis of the chamber as 
like as organ pipe oscillations. 
The gases oscillate between the axis of the chamber and the 
wall. 
The gases oscillate around the perimeter of the chamber. 
A combination of these three modes is also possible. The acoustic combustion 
instability has been found to be in the longitudinal mode in the majority of previous 
experimental investigations. The field of longitudinal oscillation has been reviewed 
recently by Putnam [2.4] and Beale [2.5] and further information is found in [2.1], 
[2.2] and [2.6]. Generally, acoustic driven-oscillatory combustion in the organ pipe 
behaves as open cycles which is comparable to processes such as intake, compression, 
power, and exhaust strokes in internal combustion engines. The main stages of such 
combustion are as follows: 
I) During initial firing (i.e. start-up), fuel and air are admitted into the combustion 
chamber through an inlet system. The initial charge is then ignited by means of a 
spark plug. This process is illustrated in Figure 2.1 :a. 
2) As the gas mixture burns, a positive pressure builds up and closes (either 
acoustically or mechanically) the inlet valve system (Figure 2.I:b). This expansion 
process in the chamber drives the exhaust gases out through the resonance tube. 
3) As time progresses, the inertia of the moving gas column in the exhaust tubes 
creates a low pressure in the combustion chamber. This acoustically or 
mechanically opens the inlet valve and thus, more air and fuel are drawn into the 
combustion zone (Figure 2.1:c). 
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4) Re-ignition occurs automatically by the hot gases residing in the chamber and the 
cycle is repeated. The spark plug is no longer required. 
Several types of pulse combustion devices such as the quarter standing wave, Rijke, 
Helmholtz resonator and Reynst tubes are available. The operating processes of all 
these devices are governed by the same controlling principle of periodic addition of 
heat in phase with periodic pressure oscillations. 
SPARK PLUG COMBUSTION CHAMBER 
FUEL GAS INLET \ REACTANTS 
/ / TUBEFITIlj 
AIR SUPPLY TAILPIPE 
Figure 2.1 :a. Starting cycle: the mixture is drawn into combustion chamber and then 
ignited by means of a spark plug. 
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SPARK PLUG COMBusnONCHAMBER 
ru2NLET\.I"'_" __ ."'-_"" _...., __ ,....:... __ -_--_-..,,-........ ::.;.... ____ FLA_M_E __ -_-._-._-__ -_-____ . __ _ _. __ . _____ .. 
I l~*"---'" -~~ 
TUBE FITIING! / 
/ ACOUsTically CLOSED 
AIR SUPPLY TAILPIPE 
Figure 2.1 :b. Positive pressure cycle: during combustion, the amplitude of the 
combustion-generated pressure rise within the combustion zone which acoustically 
closes the inlet system and drives the exhaust gases out through the resonance tube. 
SPARK PLUG COMBUSTION CHAMBER 
\ FUEL GAS INLET PRODUCTS GASES 
/ 
TUBEFITIlj / ACOUSTically OPEN 
AIR SUPPLY TAILPIPE 
Figure 2.1: c. Negative pressure cycle: the inertia of the tailpipe outflow eventually 
lowers the pressure in the combustion zone below that of the surroundings with the 
result that the inlet valve acoustically re-opens and a new charge of mixtures are 
drawn into the combustion zone. 
In standing quarter wave mode, pulse combustion produces pressure and velocity 
antinodes at the combustion chamber and at the open end of the tube respectively. 
According to the principle of sound theory [2.2], operation of acoustic-combustion 
driven oscillations in the standing wave mode, is based on the fundamental 
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combustion frequency. However, upon increasing the length of a quarter wave tube, 
(since the frequency is controlled by the length of the tube [2.2)[2.7]), the frequency 
may suddenly jump to a higher value at a critical tube length. The frequency at this 
·Iength represents the next· possible- harmonic of combustion frequency- which the .. --
pulsation device may be operated (i.e. a "Hop mode"). The longitudinal distribution 
of pressure and velocity amplitudes, occurring at the fundamental and fust harmonic 
frequencies, is shown in Figures 2.2:a and b respectively. 
;)------------------"''''''''.'''" .. '''''''''''''''''''''''''"'''''''''' 
G~A~SsrINitJEECCTTCO~R0-----------------_"'tI""I"""''''''''''II''1111111' .. '''''''''''''' 
• 
Pressure Velocity 
Figure 2.2:a. Acoustic pressure amplitude and velocity along the quarter wave 
pulse combustor at fundamental frequency. 
v.Jocily v·1xDJ 
Figure 2.2:b. Acoustic pressure amplitude and velocity along the third-quarter wave 
pulse combustor at first harmonic frequency. 
Cheung and Zinn [2.8) reported that this phenomenon is mainly due to the timing and 
duration of heat release in the pulse combustion process. At relatively high 
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frequencies (short cycle duration), heat release is primarily in phase with the 
fundamental pressure oscillation. However, as the frequency of pulsation is 
decreased, (i.e. a longer cycle time), heat release becomes more in phase with the first 
harmonic of pressure fluctuation. The system nOW is excited and therefore the 
oscillation frequency jumps from fundamental value to frrstharmoriic· value. The 
experimental results are presented in the Figures 2.3:a and b respectively. 
P' QC 
• 
Q' 
" \ 
\ 
\ 
\ 
P' (fundrunencal) 
c 
Figure 2.3 :a. Relationship between heat release (Q') and relative timing of 
pressure oscillation (P') at high frequencies. From [2.8]. 
Q' P • (haanonic) 
pC.QC pC (fundamental) 
t 
Figure 2.3: b. Relationship between heat release (Q') and relative timing of 
pressure oscillation (P') at low frequencies. From [2.8]. 
In some pulse combustors, different types of inlet valve are fitted in the combustion 
chamber. If the mechanical inlet non-return valve is omitted, combustors are usually 
termed valveless or aerodynamically valved pulse combustors. The advantages and 
disadvantages of these discussed in the next section. 
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2.3 Type of inlet valve fitted in pulse combustors 
Past research on pulse combustors has- paid much -attention to the-design of-the -- ---- --- - -- ---
combustion chambers and tailpipes in an attempt to increase combustion intensity and 
heat transfer rates that are associated with the oscillatory behaviour. The outcome of 
such research has led to the design of, for example, the Helmoltz and Sclunidt type 
burners. 
The Sclunidt type combustor has a combustion chamber with same diameter as its 
resonance tube. This type combustor is also known as a quarter wave pulse 
combustor. In the Sclunidt burner, a cylindrical pulse combustion chamber fitted with 
various valves, is located near the air-inlet. The design of the valves used in such 
devices defines the basic type of Sclunidt burner: 
(I) Mechanical valve Sclunidt combustor 
(2) Aerodynamic valve Sclunidt combustor 
(3) Valveless Sclunidt combustor 
Each type of valve has its own advantages and disadvantages in practical applications. 
These are discussed in the following sub-sections with the aim of selecting the best 
arrangement for the present work. 
2.3.1 Mechanical valve Schmidt combustor 
Two types of mechanical valve are shown in Figures 2.4 and 2.5. A single reed valve 
(Figure 2.4) consists of one or more air holes covered by strips of a thin synthetic 
rubberised material which are clamped along the inner tube edge. This enables the 
device to bend freely under the action of pressure differences across the valve. The 
circular reed which is fixed in the centre of the apparatus, has a large diameter and has 
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a limited lift restricted by a rounded or flat face reversible back-stop. According to 
Francis et al [2.7], paper-gaskets, thin metallic and rubber sheets have been tested for 
construction of valve reeds. 
Francis et al [2.7] reported that the design of a mechanical air-inlet valve with a 
suitable reed is a major problem with pulse combustor design. Paper gasket material 
reeds vibrating at 50 Hz caused the material to develop preferential deformation under 
prolonged usage. This leads to reduced efficiency and eventual failure. Noise caused 
by the operation of metallic discs are an additional disadvantage. Reeds in the form of 
vanes are damaged by long-term usage and gradually led to the formation of cracks 
which caused air leakage. Natural neoprene rubbers possess preferential frequencies 
and are prone to deformation when used for a long periods. In addition, the function 
of the gas volume between the air-inlet and valve plate may affect combustion phase 
oscillations and the duration of the valve open time by producing a cushioning effect 
on the back flow of combustion products. This could eventually destroy the pulsating 
combustion mechanism. 
The multiple-reed air-inlet mechanical valve has been used for the majority of 
experimental work to-date. When the fluctuation pressure in the conical volume in 
this design rise above atmospheric, the reeds press against the plate and cause the 
valve to shut. However, when pressure in the chamber becomes lower than 
atmospheric, the reeds lift off the plate re-opening the valve and allowing air to be 
admitted through the gap. Although this type of valve is sufficient for experimental 
purposes, the reeds tend to fail by fracture and may cause the unit to function with an 
incorrect ratio of air and gas. Thus, such devices are not suitable for continuous 
practical applications. 
In order to overcome material fatigue, deformation and incorrect air-fuel ratios, 
further types of Schmidt burners are now considered. 
Page 16 
Pulse combustion 
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TAILPIPE 
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HOLE 
AIR 
FLOW 
REED VALVE 
RE\fER:SIBILE VALVE 
BACKSTOP 
COMBUSTION 
CHAMBER 
Figure 2.4. Single-reed valve. 
AIR GAS INLET 
FLOW 1 MIXING CHAMBER 
~~ TAILPIPE ~ .PZZI 
(l0( ~~rzz::z::r.Z:ZZ:::Z:::;!:%ZZ2::z::zJ COMBUSTION CHAMBER 
AIR 
FLOW 
RING OF 
REED VALVES 
Figure 2.5. Multiple air-inlet valve. 
2.3.2 Aerodynamic valve Schmidt combustor 
Aerodynamic valves may be used to eliminate the fatigue problem associated with 
reed valves. Advantageous features of aerodynamic valves includes their capability to 
operate at elevated temperatures, their tolerance to erosion from particles in the inlet 
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air and the absence of moving parts. Thus the device eliminates the inherent defects 
common in all mechanical valves. 
- - -_. -One kind of aerodynamic valve .is known as.a.Bordamouth which is -used.to.measure -- - - - - ---
the influence of air-inlet lengths on burner frequencies. The Borda mouth consists of a 
short length of open, straight pipe with a smaller diameter than the resonance tube, as 
shown in Figure 2.6. 
GAS INLET 
1 
AERODYNAMIC 
VALVE 
SPARK PLUG 
COMBUSTION 
CHAMBER 
TIALPIPE 
Figure 2.6. Aerodynamic valve Schmidt combustor. 
The small diameter inlet forces the flame to remain enclosed in the combustion 
chamber at low gas rates. However, when the gas flow rate is increased, a large 
amount of backflow of combustion products into inlet passage presents a problem in 
which the flame emerges from the air inlet and destroying the pulsating mechanism. 
Although aerovalves have been designed successfully to emulate a non-return valve, 
the air inlet passage design causes difficulties for experimental measurement purposes 
and for practical applications. 
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2.3.3 Valveless Schmidt combustor 
This valveless burner does not employ mechanical or aerodynamic valves, but does 
require.a steady supply of fuel and air. The. basic geometry_of such a.combustion 
device is shown in Figure 2.7. 
/AIRINLET 
i.Ci COMBUSTION 
I _SPARK PLU~~ CHAMBER §"-- 7~ 
! 
GAS INJECTOR 
Figure 2.7. Valveless Schmidt combustor. 
To date, work with this type of burner has been used to investigate pressure amplitude 
oscillations and other parameters with steady fuel-air supplies. This type of inlet-
arrangement was chosen for the present study because its design contains the 
following features: 
(a) this rig can be operated at different fuel-air ratios without changing parameters 
such as the air inlet geometry 
(b) the combustion frequency and positive pressure amplitude can be varied 
independently (see later) 
(c) the fuel injector can be moved axially, thus altering the location of the heat 
release region 
(d) the combustor will function without mechanical valves 
(e) the simple geometry eases mathematical modelling 
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2.4 Industrial application of pulse combustors 
Due to the practical advantages of pulse combustors (high intensity, high heat transfer, 
-selfoaspiration "and low -emissions ),pulsating "combustors have" been- considered for --"" 
commercial application in several areas such as propulsion [2.9], power generation, 
heating and drying [2.10]. The following subsection briefly discusses industrial 
applications of pulse combusors. More detail on the practical applications of pulse 
combustion can be found in references [2.1], [2.10] and [2.11]. 
2.4.1 Water heaters and steam boilers 
The majority of pulse combustors employed in industry are used in space and water 
heating machines. Such applications generally require pulse combustion devices to be 
immersed in heated media, allowing heat to transfer through the walls of the 
combustor. Example include the storage water heater and a steam boiler shown in 
Figures 2.8 and 2.9 respectively. Zinn [2.1], [2.10] stated that heating efficiencies of 
95% in storage water heaters and 98% in steam boilers were obtained. When 
compared with non-pulsation combustors, efficiencies of pulse burners have been 
found to be high. 
Fulton Boiler Ltd. produce a Helmholtz pulse combustor boiler that has both 
contained high efficiency and low NOx emissions. For example, NOx as low as 35 
ppm meets latest and projected European and International standards for NOx 
emiSSIOns. More details about Fulton Boiler information is presented in Appendix 
A3.3. 
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Figure 2.8. Structure of a typical storage water heater. From [2.10]. 
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Figure 2.9. Structure of a steam boiler. From [2.10] .. 
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The design of pulsating devices in water heaters is based on earlier designs of the 
Canadian "Pulsamatic" and "Swing Fire" pulse heaters; the latter was developed in 
Germany in the early 1950's. The German "Swing Fire" was used in the rapid heating 
-- of fire trucks, small buildings, tents, water and de-icing. -When pulse combustors such __ __ _ _. ____ _ 
as the "Swing Fire" are operated under full power, large amplitude pressure 
oscillations inside their combustors are produced. This leads to a large exhaust flow 
velocities at the units exit. These velocities have been used to drive small turbines 
which in turn propel fans in heat exchangers to circulate air through the device when 
the unit was used for space heating. 
2.4.2 Baking ov.;n 
In recent years a growing interest in the application of pulse combustors in 
commercial equipment has led to the development of a pulse burning oven in Japan. 
A schematic of such a device is shown in Figure 2.10. 
Gas 
Air 
Exhaust Gas Exhaust Muffler. 
Damper 
Heat Exchange pipe 
Tailpipe 
r Flapper Valve Combustion 
Chamber 
Convection Fan 
Food 
Tray 
Decoupler 
Figure 2.10. Structure of a gas oven. From [2.10]. 
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Periodic combustion processes in the baking oven generates a hot exhaust flow which 
passes through a mult-heat exchange pipe. This leads to a large amount of heat 
transfer from heat-exchanger-pipe to the oven space. As a result, this system is 
capable of cooking food rapidly. 
2.4.3 Fogging generator 
The larger Pulse-combustor fogging units are usually vehicle mounted, the smaller 
ones are normally hand-held. A small hand-held pulse-combustor fogger is illustrated 
in Figure 2.11. Usually the pulse combustors are gasoline fuelled with flapper·valve-
controlled air inlets. The fogging liquid is normally introduced into the pulse-
combustor tailpipe which in turn vapourises due to the heat transfer along the tailpipe. 
This vapourised liquid is then injected through the tailpipe to kill insects, pests, 
fungus diseases and bacteria. 
So(utiOCl 
tank 
Air i~ ~nd flapper valve. 
Figure 2. I I. A "Swingfog" pulse combustor, hand-held, fogging unit manufactured 
by Motan Gmbh (countesy Motan Gmbh). From Kentfield [2.11]. 
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2.4.4 Air heater 
I'[NNED 
COM8USTION 
CHAM8ER 
AIR INTAKE MIXING 
ZONE 
EXHAUST DECOUPLER 
f(NNED. CONDENS ING. 
HEAT EXCHANGER 
FLUE VENI & MOISTURE DRAW 
Figure 2.12. A Lennox domestic, pulse combustor, wann-air, house heater. From 
[2.11]. 
Figure 2.12 shows, diagrammatically, the main components of a domestic air heaters 
pulse combustor which is manufactured by the Lennox company. Such applications 
require an electric motor fan to drive the cool air passes through a finned, condensing, 
heat exchanger. This leads to a large amount of heat transfer from heat-exchanger to 
the cool air. As a result, this cool air is heated and subsequently warms the building. 
Kentfield [2.11] stated that the average energy conversion efficiency in this type of air 
heating system is in the region of 94 to 96 percent. Such high efficiencies are 
sufficient to condense much of the water vapour contained in the products of 
combustion. This situation allows the exhaust pipe carrying the products of 
combustion out of the building to be made from PVC tubing without risk of it 
melting. 
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2.5 Conclusion 
A literature survey into characteristics of pulse combustion has been conducted. Past 
---studies·-have--revealed- that the -acousticiaJly -driven combustion-oscillations are 
governed by the magnitude of heat release in phase with the pressure fluctuation (the 
Rayleigh Criterion [2.2]). In most cases, such acoustic combustion was found to be a 
longitudinal mode. 
Three different types of valve have been reviewed. Due to potential material fatigue, 
deformation and problems related with incorrect air:fuel ratio, mechanical and 
aerodynamic valves were considered to be not suitable for the present experimental 
purposes. Hence, a valveless Schmidt type pulse combustor was chosen for the 
present study. 
The high commercial value of pulsating devices for industrial applications, due to its 
high heating efficiencies such as 95% in storage water heater and 98% in steam 
boilers, is strongly evident. This has encouraged further investigations, such as the 
present work, into the operation of this type of combustion system. 
In the next chapter, the design and construction of a new pulse combustor and the 
associated experimental apparatus will be discussed in detail. 
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3 Design of a premixed natural gas Schmidt 
type pulse combustor 
3.1 Introduction 
The ability to measure variables affected by combustion oscillation was a primary 
consideration in the design and construction of the Schmidt type pulse combustor. 
Other factors affecting the design included the need to facilitate mathematical 
modelling to allow for comparison between the computer data and experimental 
results. Thus, the following parameters were considered during the design and 
construction of combustor: 
I. It was decided that the Schmidt tube would have an internal diameter of 50 mm. 
This dimension conforms with previously reported designs which had operated 
satisfactorily and would enable the comparison of results (e.g. Hanby [3.1]) .. 
2. To obtain an operational frequency range of 75 Hz to 30 Hz, the tailpipe length 
needed to be variable from l.5m to 3m. This is based on a quarter-wave "organ 
pipe" principle as discussed later in section 3.2.3. 
3. A water cooling jacket along the length of the tailpipe would ensure accurate 
control of temperatures and enable energy balance calculations to be conducted. 
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4. Oscillation pressure amplitude in the combustion chamber would be varied by 
damping tubes (see later) independently of other variables such as air-fuel ratio 
.andoscillation frequency ... 
5. The ratio of air and fuel flow rates to be manually controlled. 
6. Pressure oscillations and gas temperature to be measured along the tube. 
7. A computer controlled exhaust gas analyser to be used to measure the combustion 
products (e.g. NO, O2 etc.). 
Information regarding this design was obtained through a survey of previous studies 
which included both experimental finding and related theories. Factors concerned 
with such information are discussed in the following sub-section. 
3.2 Factors that affect the pulse combustor design 
Twelve basic operational parameters, as listed below, are of interest in the design of 
the Schrnidt type pulse combustor. 
(I) Gas input rate 
(2) Geometry of combustion chamber 
(3) Operation combustion frequency 
(4) Oscillation pressure amplitude 
(5) Damping tube design 
(6) Water jacket design 
(7) Dimension of air line 
(8) Dimension of nozzle 
(9) Variable length of flanged section design 
(10) Material selection 
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(I I) Design of the end section of the tailpipe 
(12) Design of the wall thickness oftailpipe and water jacket 
3.2.1 Gas input rate 
The heat output of the pulse combustor may be controlled by the input gas flow rate. 
The design of the pulse combustor should enable the burner to function with a gas 
input rate range of 5 kW to 25 kW in order to compare experimental results with 
Hanby [3.1][3.2]. Details from [3.3][3.4] show that many commercial appliances 
nominally run in the order of 15 kW. For example, [3.5] reported that a space heater 
application required a heat output of 5.8 kW while a residential furnace application 
needs heat output within the range of 17 kW and 30 kW. Once the gas input rate has 
been decided, the sizes of the basic combustor elements (e.g. combustion chamber) 
can be determined. 
3.2.2 Geometry of combustion chamber 
Reference [3.5] reported that the range of input gas flow rates may be used as an 
approximate guide in the identification of a potential basic element size. 
Unfortunately to-date, precise guidelines and operational data for the selection of 
combustion chamber sizes in the Schmidt type valve less, pulse combustors are not 
available. However, experimental measurements from a simple pulse combustor were 
obtained. Hanby [3.1][3.2] reported results for a quarter wavelength organ pipe of 
internal diameter 50.8mm with a tailpipe length of approximately 2m. He showed 
that a positive amplitude pressure oscillation (+M') of 0.3 bar was produced inside the 
combustion chamber when 17 kW of input propane was supplied. Using these results 
as a basic guideline, the dimension of the combustion chamber in this present design 
was decided to be 50.8 mm. 
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3.2.3 Operating frequency 
Papers._[3.1 ][3.2][3.6] [3. 7][3.8][3.9] and .. [3.1 O]..reported_thaUhe_frequency oLthe 
fundamental mode of the organ pipe is given by simple acoustic theory: 
C f=-
4L 
Where: 
f 
L 
C=~rRT 
T 
R 
Operating frequency, (Hz) 
Tailpipe length, (m) 
Speed of sound, (m/s) 
Gas temperature, (K) 
Gas constant, (J/kgK) 
Cp r = - Ratio of specific heats, (-) 
C, 
Reference [3.1] showed that the operation frequency may be estimated to within an 
accuracy of 5 % when the root mean gas temperature is taken as a basis for computing 
the speed of sound. For the basic requirement of the rig design, the operating 
frequency should be altered between 30 to 75 Hz. Thus, the minimum and maximum 
length of the tailpipe may be calculated from this equation which were found to be 1.5 
to 3m respectively. 
3.2.4 Prediction of oscillation amplitude of pressure in combustion chamber 
Prediction of the pressure oscillation amplitude is dependent upon the dimensions of 
the pulse combustion chamber, tailpipe and gas input flow rate [3.5]. Data supplied 
by Hanby [3.1][3.2] reveal that the operating pressure amplitude in the combustion 
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chamber of an organ pipe, 50.8 mm in diameter, to be approximately +/- 0.3 bar 
(gauge value) when operating at approximately 17 kW. These data suggest that the 
operating pressure in the present rig design is predictable within a firing range of 5 
___ ._kW.to.25 kW.gas inputflow.rate._ 
3.2.5 Damping tube design 
Damping tubes may be mounted on the combustion chamber as shown in Figure 3.1 to 
act as acoustic filters. They consist of tubes closed at one end with an adjustable 
piston. By altering the piston position, the combustion pressure amplitude may be 
altered. Two tubes are used so that both the oscillation pressure amplitude at the 
fundamental frequency and a further higher harmonic may be attenuated. Thus this 
system allowed for the Schmidt tube to be operated at any pressure amplitude from 
quiescent to maximum without altering the basic geometry of the combustor or the 
frequency of operation. Hanby [3.2] showed that the damping tube length needs to be 
approximately 1.2 m if 0.3 bar of oscillation amplitude pressure is to be eliminated. 
Using Hanby's data [3.2], the maximum necessary damping tube lengths in the 
present design were calculated to be l.5m. The internal diameter of the damping tube 
was designed to be 14 mm with a wall thickness of 5.7 mm. 
Damping tubes alter the operating pressure amplitude 
Piston rods / 
Methane 
~------', 
Arr ~-----------------------------
Figure 3.1. Quarter wave pulse combustor with two damping tubes. 
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3.2.6 Water jacket design 
-- --_. "-~- -~ -. ~.---. -. - --+---. 
The role of the water jacket is to keep a constant temperature distribution along the 
tailpipe. Heywood [3.11] reported that the rate of NO formation is strongly 
influenced by burnt gas temperature. High temperature and oxygen concentrations 
lead to high NO formation rates. These results are showed in Figure 3.2. 
-, 
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Figure 3.2. Effect of gas temperature on NO formation rate. From [3.11]. 
Hanby [3.2] also reported the direct effect of amplitude on the heat transfer 
coefficient. He found the heat transfer coefficient at the open end of the tailpipe to be 
approximately twice the value of that at the closed end due to the increase in velocity 
along the tube length. 
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The design of the water jacket in the present pulse combustor has been based upon 
_ these.experimental findings [3.2]. This design .allows for both.a paralleL and counter-
flow arrangement. The flow of water in a parallel flow set up is in the same direction 
as the exhaust gases. The flow of water and net exhaust gas flow arranged to be in the 
counter-flow. This arrangement allows for the testing of gas temperature distribution 
along the tail pipe at various intervals. Thus the effect of varying gas temperature 
along the tailpipe can be found. 
The water jacket dimension is dependent on water flow rate, initial water temperature 
and the amount of heat transferred into the water from the input gas. The minimum 
water jacket diameter in the present design was calculated to be approximately 76 
mm. Full of calculation details are shown on Appendix A3.1. 
3.2.7 Dimension of air tube 
The size of the air supply tube is dependent on the diameter of the combustion 
chamber [3.10]. Experimental results from Francis [3.10] reveal that the maximum 
air inlet diameter must not be greater than half of the combustion chamber diameter in 
a Schmidt tube. Above this limit, both ends of the tube effectively become open and 
cease to function as a quarter wave tube. Using these data as a guideline, the diameter 
of the air inlet pipe was chosen to be 19 mm. 
3.2.8 Dimension of fuel nozzle 
The mam factor when choosing the nozzle sIze is the gas input flow rate 
(refs.[3.2][3.5][3.7][3. 1 0]). Francis [3.10] reported that the diameter of the nozzle 
must be kept small (up to 2 mm) in order to produce an even distribution of gas and 
air. This arrangement has been used for all past experimental burners and prototype 
units [3.10]. 
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3.2.9 Variable length of flanged section design 
. _ . _. Hanged sections. of tubes. with_water jackets were incorporated.in.the pulse.combustor._ .. 
design to allow changes in the tailpipe length and therefore operating frequency. Ten 
specially selected tube section lengths enabled the tail pipe length to be increased from 
0.6 to 3m in 50mm increments by connecting them together in different combinations 
[see Appendix A3.2]. Various sampling ports were provided along each of the flanged 
tube sections. Pressure transducer or thermocouple adapters, would be housed on 
these sampling ports. 
3.2.10 Material selection 
Ahrens [3.12] [3.13] showed experimentally that materials used in the construction of 
pulse combustors containing water jackets, must be resistant to general corrosion. 
This is because corrosion products can build up inside water jacket cooling channels 
and directly affect the flow of water and gas temperature along the tailpipe. This 
could then lead to a series of measurement problems. 
Despite the high cost of 316L type stainless steel, it was decided that this alloy grade 
was a suitable construction material for the present burner. Information supplied by 
Fulton company Ltd (Appendix A3.3) show that this material possess a high 
resistance to corrosion attack, low thermal resistance and has a high temperature 
operating range. This material has been used in the past in the construction of various 
types of pulsating machines such as the Helmholtz burner. These combustors have 
proved to be a success and are now used in many types of heating applications such as 
boilers. 
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3.2.11 Design of the end section oftaiJpipe length 
._ .. __ .Rayleigh.[3.14J-reported.that sound vibrations .from.an.organ.pipe.produce.a.nominaL _. _._ ... 
antinode outside the end of the tube, near to the pipe opening. The distance between 
the pipe opening and the effective antinode is known as the "end correction" [3.14]. 
Ref. [3.14] also shows that a constricted opening at the end of a pipe can lower the 
natural vibration frequency inside the tailpipe and affect the expansion wave 
propagation in the tube. Thus, it is necessary to include an appropriate end-correction 
distance at the flanged tail pipe section. 
Experimental data from [3.14], show that the minimum end correction distance for a 
cylindrical pipe, flanged normal to the axis of the pipe, to be 0.82r, where r is the 
radius of the pipe in inches. The minimum tailpipe end section length extension is 
based upon this data [3.14]. The end section of the tail pipe length in the present 
design is 100 mm (> 0.82 r). The assembly drawing is shown in Appendix A3. 2. 
3.2.12 Design of the wall thickness of tailpipe and water jacket 
In order to minimise the time required for the temperature along the tailpipe to reach 
equilibrium, the tailpipe was designed with walls of minimum thickness. The tailpipe 
components were welded together. For stainless steel, welding is best achieved in 
tubes with a minimum thickness of 5 mm. Thus it was decided that a wall thickness 
6.36 mm was a suitable choice for this burner. 
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3.3 Experimental apparatus set up 
Following a year of literature survey, analysis and design, the construction of the 
-valveiess--Schmidt type pulse- combustor was successfully -completed- and-used for a- -----
series of experimental measurements. In particular, this included amplitude of 
pressure oscillation measurement throughout the system, determination of temperature 
along the tail pipe and the amount of NO emissions, etc. A schematic of the Schmidt 
type pulse combustor and associated instrumentation is shown in Figure 3.3. The 
assembly drawing is presented in Appendix A3.4. 
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~Gas 
rotameter 
Adjwtable 
tube fitting 
Pressure 
transducer 
Closed water 
circuit 
lWoter out 
i-=t~~~~=]--' Heat exchangerr ___ -. 
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Figure 3.3. Schematic of experimental apparatus. 
There are several basic operational parameters, as listed below, which are of interest 
in the design of the pulse combustion burner. 
3.3.1 Frequency control 
The tube length could be varied in the range O.6m to 3.0m by inserting different 
combinations of length tube sub-sections as described earlier. This enabled the 
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combustion frequency to be altered in the range of approximately 30 to 120 Hz if 
desired. 
3.3.2 Pressure amplitude control 
As discussed earlier, two adjustable water-cooled "damping tubes" containing a 
moveable pistons were connected to the pressure anti-node region of the Schmidt tube 
so that the amplitude of oscillation could thus be controlled independently of other 
variables· such as air-fuel ratio, combustion chamber geometry or oscillation 
frequency. 
3.3.3 Water temperature control 
Temperature control along the Schmidt tube was made possible by a water-cooling 
jacket ofintemal diameter 88.9 mm and thickness 6.36 mm which extended along the 
length of the pipe. A rotameter was used to measure the water flow rate inside the 
jacket while the temperature of the cooling water was controlled by a closed circuit 
arrangement. (Appendix A3.5). 
3.3.4 Air and fuel flow rates control 
The pulse combustor was fuelled by commercial grade methane (99.5% pure CH4) fed 
from a pressurised gas bottle. Combustion air was supplied via a pressurised system. 
The flow rate of air was measured upstream of a choked nozzle so that measurements 
were not affected by the combustion oscillations. 
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3.4 Experimental instrumentation 
The combustion pressure amplitude was measured at the sampling ports using a quartz 
. ~ crystal·piezoresistive transducer of Kistlermodel type 404SA which were housed ina 
"-
water-cooled adapter. The transducer was connected to the combustion chamber 
perpendicular to the direction of gas flow. The dynamic pressure signal from the 
transducer was displayed on an oscilloscope and also digitally recorded by using DT 
280S series software package. (More details of the DT280S series software-package 
is presented in Appendix A3.6). 
The NO concentration data were recorded using a Signal NO analyser. Sample gases 
at 10 ppm NO were used for calibration. The NO sample line was heated for half an 
hour to prevent the water in the combustion products from condensing before reaching 
the detector. The samples were all extracted via a sampling port 1 m along the 
tailpipe from the burner inlet. It is important to note that the NO data presented here 
have been corrected to a dry, 3% 02 basis and the instrument is accurate to within 
±O.l ppm. 
A rotameter was employed for measuring of the air flow rates up to 4S.6 m3/h and was 
calibrated by the manufacturers to an accuracy of +/-2.S% of full scale deflection. 
Combustion air was supplied via a pressurised system. The air flow rates were 
measured using a choked nozzle in a similar fashion to the fuel delivery, again to 
isolate the measurements from the combination oscillations .. 
The flow rate of the fuel was measured by a rotameter over the range from 0.01 to 4.2 
m3/h (at IS 0 C and 10 1.3 kPa abs.). The rotameter was calibrated by the 
manufacturers to an accuracy of +/-2.0% (F.S.D) of indicated flow. This error was 
considered to have an acceptably small effect on measurements. A large pressure 
drop was produced in the fuel supply line at the combustion chamber inlet by flow 
across a nozzle which prevented flow oscillations from entering the supply line. 
The air:fuel ratio of the combustion mixtures was calculated by two methods. The 
first was by measuring the air and fuel rates with rotameters. The second involved 
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using the Spindt's method [3.16] to calculate air:fuel ratio from the exhaust gas 
composition. Comparing these two methods, the difference was found to be a 
maximum of 5% (typically < 2%) over a range of relative air:fuel ratio from ",=1 to 
. 1.5. This error was considered to be acceptable.·· The air:fuelratios quoted·in the rest -
of the thesis are all based on the rotameters readings. 
3.5 Preliminary test results 
Sustained operation was achieved by adjusting the gas supply valves which in turn 
adjusted air:fuel ratios of combustion mixtures. Ideal ignition conditions were 
obtained when the air supply was set at 5.7 m3/hr, gas supply at approximately 0.75 
m3/hr and the gauge pressures at 1.5 bar and 1.03 bar respectively (the gauge pressure 
acting on the air and the gas were controlled by regulators). The critical range of gas 
supply for the burner when operating with an air supply of 5.7 m3/hr, (operating on 
gauge pressure 1.5 bar) was measured using narrow scales. Continuous pulse 
combustion was replaced by a random pulsating action when the gas supply exceeded 
0.75 m3/hr (operating at a gauge pressure of 1.03 bar). This problem was solved by 
slowly and carefully opening the gas flow valves. 
Stable operation within a large range of heat input, between 0.48 m3/hr and 3.0 m3/hr, 
required optimum values of fuel and air ratios. Gradual opening of gas flow rate 
valves caused equivalence air:fuel ratios to increase towards the optimum value and 
thus allowed the stable pulse combustion process to continue at higher heat inputs. 
Successful pulsating combustion was achieved for a maximurn gas flow rate of 3.0 
m3/hr. Some preliminary experimental results obtained are discussed in the following 
section. 
3.5.1 Pressure measurement 
The presence of a standing quarter wave in the combustor is shown by the pressure 
distribution curve presented in Figure 3.4. This graph indicates the pressure antinode 
at the closed end of the tube and pressure node at the open end. 
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Relative air:fuel ratio, 1..=1, L=2.0m and Tw=SSoC 
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Figure 3.4. Positive pressure amplitude (+~P) along the tailpipe. 
At 10 kW and 15 kW, the acoustic maximum positive pressure (+~P) was found to 
be approximately 0.12 and 0.14 bar respectively inside the combustion chamber. 
Typical combustion chamber pressure traces are presented in Figures 3.5:a and b. 
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Figure 3.5:a. Stable pressure trace signal (from DT2805 software package) (tested at 
10 kW). 
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Figure 3.5:b. Stable pressure trace signal (from DT2805 software package) (tested at 
15 kW). 
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A comparison between operation at 10 kW and 15 kW firing rates is illustrated in 
Figure 3.4. This shows the presence of a higher maximum positive pressure in the 
combustion chamber at higher input firing rates. This observation implies that the 
operating pressure is dependent on the input firing rate. 
The relationship between the positive pressure amplitude (+ b.P) in the combustion 
chamber and the relative air:fuel ratios is illustrated in Figure 3.6. Curves shown in 
Figure 3.6, indicate that the highest positive pressure amplitude (measured in the 
combustion chamber near to the acoustically closed end of the tube) was obtained at 
relative air:fuel ratios of approximately 1..=1.0 and 1.1 for operations at 10 kW and 15 
kW respectively. Positive pressure amplitude gradually decreased with increasing 
relative air:fuel ratio values. 
L=2.0m, Tw=SS"C and +Ll.P measured in combustion chamber 
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Figure 3.6. Positive pressure amplitude ( + b.P ) in the combustion chamber 
variation with relative air:fuel ratio. 
Figure 3.7 shows that the positive pressure amplitude could be reduced to almost 
quiescent operation with a damping tube piston position of 160mm. This observation 
was also reported by Hanby [3.2]. 
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L=2.0m, A=1,Tw=55'C and +AP measured in combustion 
chamber 
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3.5.2 Frequency measurement 
Operating frequencies generated by oscillating combustion showed that decreasing the 
length of tailpipe resulted in higher fundamental frequencies, as illustrated in Figure 
3.8. As expected, the combustion frequency was found to be dependent on the overall 
length of the tailpipe. This observation is supported by basic theory and was also in 
good agreement with the experimental studies by Francis [3.10] and Hanby [3.15]. 
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Figure 3.8. Observed change of combustion frequency with the length oftailpipe. 
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A plot of frequency against input firing rates (Figure 3.9) shows that increasing input 
firing rates from 10 to 25 kW resulted in an increase in combustion frequency. 
According to the Rayleigh principle [3.14], the frequency of the vibration in a pipe is 
proportional to the velocity of sound propagation in the gas. Gases burning with 
higher input firing rates would lead to a higher speed of sound and thus an increase in 
frequency. The trend is therefore reasonable. 
60 
N 
l: 50 
,.:; 
u 
I; 40 
" eT ~ 30 
c 
0 
"" ~ 20 
.Q 
E 8 10 
0 
10 
Relative air:fuel ratio, "-=1 and Tw=SSoC 
.. - .. _ .. - .. - ..... 
15 
_., 
.- . . 
.- . .- .. - .. - .. _ .. 
20 
Input firing rate, kW 
- ,4-, 2.0m 
25 
Figure 3.9. Observed change of combustion frequency with input firing rates. 
3.5.3 Mean gas temperature measurement 
The temporal mean gas temperature in the tailpipe at the centre line was measured by 
a thermocouple. The results are shown in Figure 3.10 which reveal a drop in 
temperature along the tail pipe which for the first part is approximately an exponential 
reduction. However, the slope of the curves becomes steeper towards the ends of the 
tailpipe which is an indication of a high rate of heat loss at the end of pipe and the 
introduction of excess air into tailpipe during the reverse flow part of the cycle. 
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Relative air:fuel ratio, '-=1, Tw=SSoC and input firing rate 10kW 
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Figure 3.10. Mean gas temperature along the tailpipe ofSchmidt combustor. 
3.6 Conclusions 
Preliminary test results obtained from the experimental measurements showed 
evidence that the Schmidt tube rig has the ability to operate over a wide range of 
parameters. These preliminary test results also confirm that the design and 
construction of Schmidt type pulsation combustor was successful. 
As expected, the pressure antinode was found in the combustion chamber and 
pressure node was found at the open end of the tube. Alteration of operating 
frequency, between 30 Hz to 75 Hz, was achieved by adjusting the tailpipe length. 
The pressure amplitude in the combustion chamber would be altered by varying the 
position of the piston inside each damping tube. 
In the next chapter, a series of experimental measurements focusing on NO emissions, 
will be presented. Relationship between the operational parameters such as 
combustion frequency and oscillation pressure etc., and NO emission will inturn be 
discussed in detail. 
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4 Systematic experimental measurements 
4.1 Introduction 
The inherent characteristic of pulse combustors of producing low NO could be due to the 
rapid combustion process, which allows little time for the NO to form [4.4]. Past work 
suggests that strain rate effects upon the mixing of reactants with residual products may 
also contribute to a lower NO production rate [4.1]. However, to-date data and insights 
on the role of combustion frequency, pressure amplitude, relative air: fuel ratio, input 
firing rates and wall temperature distribution along the tailpipe on NO emissions are not 
readily available and the exact mechanisms are not understand. 
The main purpose of this section is to provide an overall picture of the NO formation in a 
gas-fired Schrnidt type pulse combustor. The primary means of achieving this aim was by 
carrying out an experimental programme which isolated the effect of individual factors 
(such as operating frequency and amplitude etc.) on the formation of NO and hence 
yielded an indication of such factors which are important in the development of low-
emission combustion units. 
4.2 NO emissions measurement 
A series of experimental measurements which involved independently varying the key 
operational parameters such as operational frequency, pressure amplitude, air-fuel ratio, 
input firing rates and water jacket temperature were conducted. The overall test envelope 
is shown in Table 4.1. 
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Table 4.1: Experimental Test Envelope 
Relative air:fuel ratio, ').. = 1.0 to 1.5 
... - ..... ----.... ·Input firing rate;·Qfo;i·=·IOkW to·25·kW··--·· .. - .. -.- _ .... _. _ ... _ .. _ .. 
Tailpipe length, L = \.55,2.00,2.55 and 3.00 m 
Combustion frequency, f = 30 to 73 Hz 
Combustion positive pressure amplitude, +L'lP = 0.05 to 0.15 bar 
Water jacket temperature, Tw = 55°C, 65 °c and 75°C 
The results of the experimental investigation are discussed below. 
4.2.1 Relationship between combustion frequency and NO emissions 
Measured NO concentrations, (at A. = I and Tw=55 °C), as a function of frequency are 
shown in Figures 4.1 :a·b. These data show that NO emissions are reduced when the tail 
pipe length was reduced from 3.0 to 1.55m (i.e. the combustion frequency was increased). 
At an input firing rate of 10 kW, NO emissions decreased from 36 ppm to 30 ppm when 
the frequency was increased from 30 Hz to 59 Hz. Similar behaviour was observed when 
the rig was operated on 25 kW input firing rates although higher absolute values of NO 
emissions were obtained. 
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1..=1, Tw=55°C and input firing rate 10kW 
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Figure 4.1:a 
1..=1, Tw=55°C and input firing rate 25kW 
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Figures 4.1 :a-b. Relationship between NO emissions and combustion frequency at 
different input firing rates (tested at }.,=1 and Tw=55 0c). 
When the pulse combustor rig was operated at 65°C and 75 °C respectively, a similar 
pattern was obtained. The results are presented in Figures 4.2:a-d and Figures 4.3 :a-d. 
The frequency effect shown in these figures may be explained by considering the effect of 
cycle time during pulsating combustion: At constant air and fuel flow rates, an increase in 
frequency will result in reduction of the volumetric efficiency in the combustor which 
leads to a smaller admittance of fresh mixture during each cycle. This may lead to faster 
mixing with the products of the previous cycle and hence reduce the gas residence time in 
regions of high temperature and oxygen concentration. 
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Figures 4.2:a-d. Relationship between NO emissions and combustion frequency at 
different input firing rates (tested at ",=1 and Tw=65 0C). 
Page 52 
Pulse combustion 
1..=1, Tw=75°C and and input firing rate 10kW 
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Figures 4.3 :a-d. Relationship between NO emissions and combustion frequency at 
different input firing rates (tested at 1.,=1 and Tw=75 0C). 
Page 53 
Pulse combustion 
The effect of frequency on NO emissions is significant over the range of relative air:fuel 
ratios between A =1.0 and A =1.5 in these experiments (tested at Tw=55 QC). As shown 
in Figures A4.1.1:a-d, Figures A4.1.2:a-d, Figures A4.1.3:a-d, Figures A4.1.4:a-d and 
-----Figures.A4.l.5 :a-b (in-Appendix.A4.1), .NO.emissions·arealso·strongly-dependent-on-the---- -----
combustion frequency at lean burn conditions, although lower absolute values of NO 
emissions were obtained at higher relative air:fuel ratio values. A similar behaviour was 
observed when the water jacket temperature distribution along the tail pipe was operated 
at 65 QC and 75 QC respectively. These results are presented in Appendix A4.2 (see 
Figures A4.2.1:a-d to Figures A4.2.8:a-b). 
4.2.2 Relationship between combustion pressure amplitude and NO emissions 
The relationship between the NO emISSIOns and pressure amplitude is illustrated in 
Figures 4.4:a-b (tested condition atA =1 and Tw=55 QC). These results show that lower 
NO emissions were obtained when the pressure amplitude was increased. At 10 kW input 
firing rate along a 2m long tailpipe, NO emissions decreased from 29 ppm to 26 ppm 
when the operating pressure amplitude was increased from 0.05 bar to 0.12 bar. A similar 
behaviour was observed when the rig was operated with various tailpipe lengths and an 
input firing rate of 25 kW. However, higher levels of NO emissions were obtained at 
higher firing rates. 
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A=l,Tw=SSDC and input firing rate 10kW 
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Figures 4.4:a-b. Relationship between NO emissions and positive pressure 
amplitude (+ilP) at different input firing rates (tested at 1..=1 
andTw=55 0c). 
When the rig was operated at 65°C and 75 °C respectively, the same pattern of trends 
was obtained. The results are graphically summarised in Figures 4.5 :a-b and Figures 
4.6:a-b respectively. 
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A= 1, Tw=6SoC and input firing rate 10kW 
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Figures 4.5 :a-b. Relationship between NO emissions and positive pressure 
amplitude (+D.P) at different input firing rates (tested at A=l 
and Tw=65 0C). 
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A=I,Tw=7SDC and inputfiring rate 10kW 
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Figures 4.6:a-b. Relationship between NO emissions and positive pressure 
amplitude (+LlP) at different input firing rates (tested at 1..=1 
and Tw=75 QC). 
At lean burn conditions, a similar behaviour was observed when the rig was operated with 
different input firing rates and different water jacket temperatures. The results shown in 
Appendix A4.3 (Figures A4.3.l:a-d to Figures A4.3.l4:a·d), are as expected due to the 
following reasons: 
a) It is known [4.5] that the convective heat transfer coefficient is related to the pressure 
amplitude in the combustor: a higher pressure amplitude produces a higher velocity 
amplitude in the tailpipe. If flow reversal takes place then the convective film 
coefficient may be several times the equivalent steady-state value. This will produce a 
higher rate of temperature drop in the tube and hence inhibit the formation of thermal 
NO. 
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b) At higher input rates, the thermal capacity rate of the combustion products is increased 
and would lead to a lower heat exchanger effectiveness for the tube. The resulting 
higher gas temperatures would produce a rise in NO emissions. 
-----
Results from experimental measurement concluded that NO emissions are inversely 
dependent on the pressure amplitude. Although these trends were not as marked as the 
variation with frequency, it is consistent with the known effects of amplitude on the 
operational characteristics of the Schmidt tube. 
4.2.3 Relationship between air:fuel ratio and NO emissions 
As shown in Figures 4.7:a-d, Figures 4.8:a-d and Figures 4.9:a-d, NO emissions vary with 
both the relative air:fuel ratio and input firing rates at various tail pipe lengths. The 
highest NO emissions were obtained at relative air:fuel ratios of A =1.0 to 1.1. Similar 
results were observed with higher input firing rates (25 kW). This observation is due to 
the following factors: 
a) Since the NO formation has been proved to be strongly temperature dependent in 
pulse combustors [4.1], gases burning close to ..1.=1.0 give the highest burned gas 
temperature and this increases the rate of NO emissions. 
b) At higher relative air:fuel ratio (A> 1.1), excess air cools the flame which leads to a 
drop in the burned gas temperature and thus reducing NO formation and emissions. 
The observed values show that the thermal NO emissions are strongly dependent on both 
temperature and oxygen concentrations. The interdependence of these two factors 
generally produces maximum NO just on the lean side of stoichiometric. 
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L=1.55m, Tw=55°C and +AP maximum possible 
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Figures 4.7:a-d. Relationship between NO emissions and relative air:fuel ratio at 
input firing rates of lOkW and 25kW (tested at Tw=55 °c and 
possible maximum positive pressure amplitude). 
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L=1.55m, Tw=65°C and +t.P maximum possible 
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Figures 4.8:a-d. Relationship between NO emissions and relative air:fuel ratio at 
input firing rates of 10 kW and 25 kW (tested at Tw=65 °C and 
possible maximum positive pressure amplitude). 
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L=1.SSm, Tw=7SoC and +~p maximum possible 
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Figures 4.9:a-d. RelatiOnship between NO emiSSiOns and relative atr:fuel ratio at 
input firing rates of 10 kW and 25 kW (tested at Tw=75 °c and 
possible maximum positive pressure amplitude). 
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4.2.4 Relationsbip between water jacket temperature and NO emissions 
The effect of the water jacket temperature on NO emissions are shown in Figures 
.. _~.1?:~-~ ~?_ ~!g:rr~s_~.13:~-b.:.!~~ ~i~cr_ep~.<:y ~e!.w<:~~~~ _~~I_ues _~t. e!~~e!_ er:d _of~he __ 
curves is an indication that higher levels of NO emissions occur only at higher water 
jacket temperatures. During operation the temperature distributions along the 2 m 
tailpipe and between 55 cC to 75 cC, (at 10 kW input firing rate alA =1 and 0.05 bar 
positive pressure amplitude), the NO emissions increased from 30 ppm to 34 ppm. A 
similar set of results were obtained when the rig was operated at higher input firing 
rates. The trends were more clearly marked along a 3m tail pipe length (see Figures 
4.I3:a-b). 
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Figures 4.1 O:a-b. Relationship between NO emissions and water jacket 
temperature at different input firing rates (tested at 1.=1 and tailpipe 
length =1.55m). 
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Figures 4.11 :a-b. Relationship between NO emissions and water jacket 
temperature at different input firing rates (tested at 1..=1 and tailpipe 
length = 2.0m). 
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L=2.55m, 1..=1 and input firing rate 25kW 
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Figure 4.12:b 
Figures 4.12:a-b. Relationship between NO emissions and water jacket 
temperature at different input firing rates (tested at ')..= I and tailpipe 
length = 2.55m). 
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L=3.0m, A=land input firing rate 10kW 
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Figure 4.13:a 
L=3.0m, A=I and input firing rate 25kW 
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Figures 4.13 :a-b. Relationship between NO emissions and water jacket 
temperature at different input firing rates (tested at 'A= 1 and tail pipe 
length = 3.0m). 
This phenomenon may be explained by considering the effect of the heat transfer 
along the tailpipe: by considering the convection heat transfer equation, 
QHoattr""r" = hA(T. - Tw)' which states that a higher wall temperature would lead to a 
lower heat transfer. This in turn would lead to higher product gas temperatures along 
the tailpipe, causing higher levels of NO emissions. 
Measured positive pressure amplitude as a function of water jacket temperature are 
shown in Figures 4.14:a-b, Figures 4.15 :a-b, and Figures 4.l6:a-b respectively. 
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Effect of water jacket temperature on positive pressure 
amplitude (+ Ll P) at input firing rates of 10kW and 25kW 
respectively (tested at /"=1-1.5 and tailpipe length =2.0mm). 
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L=2.55m and input firing rate 10kW 
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Effect of water jacket temperature on positive pressure 
amplitude (+ /). P) at input firing rates of 1 Ok W and 25k W 
respectively (tested at /..=1-1.5 and tailpipe length =2.55m). 
As expected, the positive pressure amplitude is not dependent on the wall temperature. 
However, the operating range of stable pressure traces could be extended from 
I ~ A ~ 13 to 1 ~ A ~ 1.5 when the well temperature distribution along the tailpipe was 
controlled from 55°C to 75 °C (see Figure 4.17:a-c to Figure 4.19:a-c). 
These observations may be examined by the Coefficient of Variation value (COV) 
which indicates the stability of pressure oscillation in the combustion chamber. The 
COV value can be expressed as: 
0-COV=-
+& 
Where: 
+/).P Mean peak pressure amplitude (bar) 
a Standard deviation of peak pressure amplitude (bar) 
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This is similar to the Coefficient of Variation used to measure cyclic variability of peak 
pressure in internal combustion engines. In this case, more than 85 cyclic variation of 
peak pressure amplitude as samples were used to calculate the Coefficient of Variation 
value_in pulse combu~tion~?amber. The method of calculation is presented in 
Appendix A4.4. The results of COY value are presented in Figures 4.17:a-c to Figures 
4.19:a-c. 
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Figure 4.17 :a-c. Effect of water jacket temperature on Coefficient of Variation 
with relative air:fuel ratio from ),,=1 to ),,=1.5 (tested at Tw= 55 QC 
and input firing rates from 10 kW to 2S kW). 
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L=1.55m and Tw=65°C 
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Figures 4.18:a-c. Effect of water jacket temperature on Coefficient of Variation 
with relative air:fuel ratio from 1..=1 to 1..=1.5 (tested at Tw= 65 QC 
and input firing rates from 10 kW.t0 25 kW). 
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Figures 4.19:a-c. Effect of water jacket temperature on Coefficient of Variation 
with relative air:fuel ratio from A=I to A=I.5 (tested at Tw= 75 DC 
and input firing rates from 10 kW to 25 kW). 
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For example, by increasing the range ofthe input firing rates from ID kW to 25 kW, in 
a 2.0m tail pipe at a water jacket temperature of 55°C, COY values remain fairly 
constant between 0.05 to 0.15 when the rig was operated between A. =1 and A. =1.3. 
-ATK>I~3;·the-value-ofCOY gradually·increased-from·0~15 to-0~3.--Thisis-indication- ---- - ----
of unstable pressure signals with irregular sinusoidal wave forms. Similar results 
were obtained when the wall temperature distribution along the tailpipe was set at 75 
°C. However, the value of COY remained on 0.05 to 0.2 when the rig was operated 
between A. =1 and A. =1.5. The oscillation of pressure traces are presented in 
Appendix A4.5 (see Figures A4.5.1 :a-f and Figures A4.5.2:a-f). 
It was also found that a similar behaviour was observed when the rig was operated at 
lengths of 1.55m and 2.55m. Thus, in conclusion, the water jacket temperature not 
only has effect on the NO emission, but also influences the stability of oscillations 
when the rig is operated in lean bum condition. 
4.2.5 Relationship between input firing rate and NO emissions 
Graphs of NO emissions against input firing rates in Figures 4.20:a-d show that NO 
emissions increased with increasing input firing rates. With 2m long tailpipe with 
0.05 bar positive pressure amplitude (tested condition A. =1 and Tw=55 0C), NO 
emissions increased from 29 ppm to 36 ppm when input firing rates were increased 
from 10 kW to 25 kW. A similar result was obtained with different tailpipe lengths 
(see Figures 4.20:a-d), positive pressure amplitude (Figures 4.20:a-d), relative air:fuel 
ratios (Figures 4.21:a-d, tested at 1,.=1.2) and water jacket temperatures (Figures 
4.22:a-d and Figures 4.23: a-d, tested at 1,.=1). 
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Figures 4.20:a-d. Relationship between NO emissions and input firing rates over a 
range of positive pressure amplitude and tailpipe lengths (tested at 
1..=1 and Tw=55 DC). 
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A=1.2,Tw=SSOC and +AP=O.OS bar 
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Figures 4.21 :a-d. Relationship between NO emissions and input firing rates over a 
range of positive pressure amplitude and tail pipe lengths (tested at 
1..=1.2 and Tw=55 0c). 
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Figures 4.22:a-d. Relationship between NO emissions and input firing rates over a 
range of positive pressure amplitude and tailpipe lengths (tested at 
1..=1 and Tw=65 QC). 
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1.=1, Tw=75°C and +.:l.P=D.D5 bar 
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Figures 4.23:a-d. Relationship between NO emissions and input firing rates over a 
range of psoitive pressure amplitude and tailpipe lengths (tested at 
1..=1 and Tw=75 QC). 
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This observation may be explained by considering the effect of the fresh mixture 
volume and the thermal capacity of combustion products: As the tail pipe length is 
maintained (i.e. constant combustion frequency), the effect of increasing input firing 
-- -- rates WilrDe-toiIicnjase·the-volumetric-mixture·during·each-cycle,i.e~a-larger-fresh· -- --_. ---
mixture volume will be admitted into the combustion chamber. This may cause the 
length of flame to expand leading to an increase in the thermal capacity rate of the 
combustion products and eventually to lower heat exchanger effectiveness for the 
tubes. The resulting higher gas temperatures would then produce a rise in NO 
emissions. 
4.3 Experimental results conclusions 
Results of experimental investigations concemmg the effects of combustion 
frequency, pressure amplitude, air:fuel ratios, input firing rates and water jacket 
temperature on NO emissions, were obtained in this study. A large data set was 
obtained and presented individually in each section. Using this experimental 
information, several important findings are made. These are summarised as below: 
1. The NO emissions from a Schmidt type pulse combustor were found to be 
inversely related to combustion frequency over a range of input firing rates. At an 
input firing rate of25 kW, NO emissions decreased from 56 ppm to 42 ppm when 
the frequency was increased from 36 Hz to 72 Hz. An indication of further 
reduction in NO emissions is possible if higher operation frequency can be 
achieved. 
2. Only slight variations in NO emissions were observed with increasing positive 
pressure amplitude. Results show that lower values of NO emissions occur more 
readily in high maximum positive pressure amplitudes, although the reduction was 
not as marked as the variation with frequency. 
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3. Highest NO emissions were found at relative air:fuel ratios of 1..=1.0 to 1..=1.1 and 
at highest input firing rates. At input firing rates of 10 kW and 25 kW, the 
----- - - maxirt1UftfNO-emissions· were· found to-be27-ppm·and34-ppm·respectivelywhen------ --- ---
the rig was operated on a 2.0m long tailpipe. 
4. The NO emissions from pulse combustors of this type are proportionally related to 
water jacket temperature distribution along the tail pipe. i.e. NO emissions 
increase with increasing water jacket temperature. 
5. The operating range of stable pressure oscillation traces could be extended from 
1 :0; A :0; 1.3 to 1:0; A :0; 1.5 when the wall temperature distribution along the 
tailpipe was controlled from 55°C to 75 QC. 
In the next chapter, a model is developed which helps to interpret the experimental 
findings further. 
4.4 Chapter 4 references 
4.1 J.O. Keller, T.T. Bramlette, P.K. Barr and J.R. Alvearez, 
NOx and CO emissions from a pulse combustion, Combustion and Flame 99, 
1994, pp. 460-466. 
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5 Numerical modelling of pulse combustion 
5.1 Introduction 
The aim of this chapter is to present the development of a one-dimensional computer 
model which seeks to simulate the relationship between combustion frequency, positive 
pressure amplitude, relative air:fuel ratios, water jacket temperature, input firing rates and 
NO emissions. This mathematical model was combined with a valve sub-model, a two-
step kinetic combustion model together with rate equations for the formation of prompt 
and thermal NO. Convective and radiative heat transfer to the tube walls was also 
incorporated in the model. More details of individual sub-model are presented and 
discussed in following sub-section respectively. 
5.2 Mathematical modelling 
Computer simulation used in this current study was based upon an existing experimental 
set-up, as shown previously in Figure 3.3. The relevant technical data is listed below: 
a) Geometry 
Inner tube internal diameter D,=50.8mm; 
Inner tube wall thickness WT,=6.35mrn; 
Outer tube internal diameter D2=88.9mrn; 
Outer tube wall thickness WT2=6.35mrn; 
Tube lengths L=1.55m, 2m, 2.55m and 3m. 
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b) Air and fuel 
Air . .supply_temperature_,=25~C ______________________________ . __________ . 
Fuel supply temperature=25°C 
The one dimensional computer simulation used a cylindrical co-ordinate system whereby 
the geometry around the inlet end was simplified as shown in Figure 5.1. The total grid 
space and time steps used for this study were 100 and 4000 respectively. 
Air and Fuel J 1'-----____ _ 
f 
L 
---+1 x 
Figure 5.1. 1-0 geometry used for computer simulation. 
5.2.1 Boundary conditions 
a) Pressure 
Variation of the measured pressure amplitude inside the pulse combustor with time was 
shown to be approximately sinusoidal in shape [5.1]. Thus, in the model, the pressure 
amplitude oscillation at the point of combustion is expressed as: 
P = Pm.", + (+ilP)sin(m t) 
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Where m = 2;r f and f is the frequency of oscillation. The mean pressure P moan based on 
_ .. _ ... experimental.data was assumed to be L bar.andJhe.positive.pressure amplitude of .t6P. _____ . __ 
was adjusted to reproduce the experimentally measured values. Since this is a standing 
wave in the tailpipe, the spatial variation of pressure (i.e. in the x direction) is considered 
to be a single cosine function. 
b) Fuel and air inlet 
The mathematical description of the volume flow rate of mixtures entering the 
combustion chamber was governed by the pressure drop correlation in the form of 
V=J --. PPomp 
where: 
V Instantaneous flow rates (m3/s) 
Pmix Density of the mixtures (kg/m3) 
Cd Volumetric flow coefficient (.) 
Aorifice Area ( m 2 ) 
Pmix 
P ""P Oscillation pressure across the combustion chamber (Pa) 
When P amp <0, the valve was assumed to be acoustically open and the inlet of mixtures 
with flow boundary conditions should be applied. When P amp >0, the valve was assumed 
acoustically closed and the boundary should be treated as a solid wall, thus V equals zero. 
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The value of J was determined by the flow rate (V) entering the combustion chamber, 
density of the mixture (Pm;,) and the value of Pomp. The method of calculation is 
c) Wall boundary 
The combustion chamber end wall of the tube was assumed to be adiabatic and the 
temperature distributions along the tailpipe was set at a constant value (e.g. 55°C, 65°C or 
75 QC). The pressure at the open end of the tailpipe was assumed to be I bar. 
d) Further assumptions 
I Combustion was assumed to take place at maximum positive pressure amplitude. 
2 The overall heat-transfer coefficient Uo, was based on the outside surface of inner 
tube. 
3 The energy changes associated with NO formation were small and were therefore 
not evaluated. 
5.2.2 Kinetic combustion model 
The computer modelling was primarily focused on the prediction of NO formation. The 
prediction was achieved by adopting a kinetic combustion model to simulate experimental 
data. The two reaction schemes were based on the following two-equations [5.2][5.3]: 
o[CH.] ,,[(RT) (-12019)J (1) Or = 10 P EXP T [CH.][O,] ................... · .............................. . 
O[CO'] ,,[(RT) (-12019)J (2) 01 = 10 P EXP T [CO][O,] ... ················ .... · .. ······ .......... ··· ........ . 
Where: 
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The rate of fuel burning (mole/cm3 s) 
R 
__ _ _l!?jv~!sal ~~ c,!~s~t Q~~?leK)____ _ _______________________________ _ 
T 
[CH.] 
P 
[CO] 
[a,] 
qCO,] 
a 
Gas temperature (K) 
Concentration of fuel (mole/cm3) 
Pressure (Pa) 
Concentration of carbon monoxide (mole/cm3) 
Concentration of oxygen (mole/cm3) 
The rate of carbon dioxide formation at each time step (mole/cm3 s) 
The combustion chamber was discretized in the direction of gas flow. Combustion was 
considered to take place in an infinitesimally thin region at the tube inlet. No flame 
propagation was considered. This method has been successfully used by Hanby [5.2] to 
simulate NO formation in boilers. 
During combustion, mole fractions of the burned chemical species, C~ and CO2 field, 
represented the reactants of the two-step reaction mechanisms for methane at each time 
step and thus were used to update the gas temperature and to calculate the amount of NO 
formation. A description of the gas temperature calculation, heat transfer along the 
tailpipe and NO formation are presented in following sub-sections. 
5.2.3 Gas temperature sub-model 
The gas temperature sub-model provided a flame temperature routine which corresponded 
to the energy release of tailpipe gases after combustion in each time step. As proposed by 
several investigators such as Hanby [5.4] and Heywood [5.10], the simulation of adiabatic 
flame temperature may be calculated by an energy balance. The method of adiabatic 
flame temperature calculation is discussed in Appendix A5.2. 
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5.2.4 Heat transfer model 
5.2.4.1 Convection sub-model 
Heat transfer in a pulsating burner was due to the effects of convection and radiation. 
Prediction of convective heat transfer occurring between a fluid and a surface was 
based on empirical correlations for the heat transfer coefficient (h). 
Modification of convective heat transfer coefficients in pulsating flows principally 
arises from non-linear relationships between heat transfer coefficients and stream 
velocities. This treatment assumes that the heat transfer coefficient at a given instant 
can be calculated from instantaneous values of velocity by means of an appropriate 
steady-state relationship. If the velocity wave form is known, then the derived 
instantaneous heat flux can be integrated over one cycle to give a time-averaged heat 
flux prediction. Data from Mcadams [5.11], yields a convective heat transfer 
coefficient for turbulent flow in pipes as: 
(c )0.4( )08 h: = 0.0214 ~J.l v~· 
Where: 
h Heat transfer coefficient (W/m2K) 
D Diameter of tube (m) 
Cp Specific heat of gas at constant pressure (J/kgK) 
J.l Dynamic viscosity of combustion gas (Ns/m2) 
v Kinematics viscosity of the gas (m2/s) 
k Thermal conductivity of gas (W/mK) 
V Gas particle velocity (m/s) 
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According to Hanby [5.5], the superposition of the particle velocity of a gas in an 
acoustic wave on to a steady flow rate can be represented by V = Vm (1 + B cos lUI) , 
wnere -ilieaiiriensionless·pursatiort-veJocity-B=-mAIV~;·where·-A·is· the gas·-
displacement amplitude. Substituting this in the heat transfer coefficient, equation 
yields: 
k (C p)O.4 (D)o.s 
h = 0.0214 D T -; (Vmll + Bcosmtl)°s 
The modules of the term in brackets accounts for the situation when reversal flow 
occurs while the heat transfer coefficient remains positive, i.e. when B > I. In this 
case, the mean value over 1 cycle was given by: 
k (C )0.4(V )0.S28 O.S h = 0.0214- pP mD f(11 + BcosliJtl) d(liJt) 
2nD k v ° 
Where: 
h Instantaneous heat transfer coefficient ( '; ) 
mK 
li Time averaged heat transfer coefficient ( '; ) 
mK 
By dividing the above equation by ho (heat transfer coefficient without oscillation) 
into the above equation, the heat transfer coefficient improvement ratio becomes: 
h 1 28 o.s 
-=- f(ll+BcosliJtl) d(lUI) 
h" 2n ° 
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The result of a numerical integration of this equation, when considering a step of 
tr/50 is shown in Figure 5.2. The initial heat transfer coefficient improvement ratio 
--.- -wasfoundto-decrease-before flow·reversal-was-obtained-,· -As ·the-value-ofB-increased- -- -_. ____ _ 
beyond the point or initial flow reversal, a linear increase in improvement ratio was 
predicted. 
2_5,-----------------------.", 
2 
... 
I: 
.!! 0 
u .-
.- ... iI: I! 1_5 Cl> 
0 ... I: U Cl> 
.. E J!! Cl> III > I: !:! I! 
... Co 
... E 
.. .-
Cl> 
J: 
0.5 
O+-----~------_+-------r_----~---~ 
o 2 3 4 5 
Dimensionless pulsation velocity, B 
Figure 5.2. Theoretical improvement of heat transfer coefficient by the effect of flow 
oscillation. From [5.5]. 
5.2.4.2 Radiative heat transfer sub-model 
Development of thermal radiation model in pulse combustion was based on 
temperature difference, emissivity and absorptivity of the product gases along the 
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tailpipe. A brief description of the radiation heat transfer calculation is given on 
following equations: 
hr=qr/(T-Twi)- -
qr= a.(EgT' - U gTwi4) 
where: 
hr 
Twi 
T 
qr 
Ug 
Eg 
------ ~---- -~--~------------- ------ -- ---
Stefan-Boltzmann constant (W/m2K4) 
Effective radiation coefficient (W/m2K) 
Inner wall temperature (K) 
Mean gas temperature (K) 
Radiation heat transfer (W) 
Absorptivity of gas (-) 
Emissivity of gas (-) 
5.2.5 NO formation model 
Development of an NO model for pulse combustor incorporated two types of primary 
mechanism of nitric oxide formation: (i) the prompt NO (Fenimore mechanism) and 
(ii) the thermal NO (Zeldovich mechanism) were considered. 
The mechanism of prompt-NO formation was first proposed by Fenimore, who 
concluded that NO formation in the reaction zone involves highly reactive 
hydrocarbon radicals. Hence, this reaction applies only to high gas temperatures. The 
equation below has been modified for natural gas with low and high temperature 
flames [5.2][5.3][5.6]. 
fcAT"[02]"[N2][CH,t EXP(;;J ........................................ (3) 
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Where: 
A 
n 
a 
fJ 
[CH.] 
[0, ] 
k 
T 
E 
[N,] 
qNO]p' 
a 
-_.- - - - -- -- -- -- -- ------ -- --- - ----- ----- - -- -- -- - -- - ---
. (3 )a+p Pre-exponentlal factor cm / mole 
Constant (-) 
Oxygen reaction order (-) 
Fuel reaction order (-) 
Concentration of fuel (mole/cm3) 
Concentration of oxygen (mole/cm3) 
Universal gas constant (kJ/moleK) 
Gas temperature (K) 
Overall activation energy (kJ/mole) 
Concentration of nitrogen (mole/cm3) 
The rate of nitric oxide formation at each time step (mole/cm3s) 
fc = 4.75 + C,nc - C,rP + C3rP' - C.rP3 
C, =8.l8e-' 
C, = 23.2 
C3 = 32.0 
C. = 12.2 
Fuel:air equivalence ratio (-) 
Number of carbon atoms in the hydrocarbon fuel (-) 
There are two possible values of activation energy E depending on the gas 
temperature. If the gase temperature is less than 1920 K, the value of E was taken as 
178 kJ/mol. For gases temperatures greater than 1920 K, the value of E used was 303 
kJ/mol. These values of E are based on experimental data [5.3][5.7]. The correction 
factor fc is applicable for all aliphatic alkane hydrocarbon fuels and for relative 
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air:fuel ratios of 0.65 to 1.33. The correlation equation of I, is shown above and this 
is also empirically-based. 
-- -- - --Tnrepreseri.tS--ilie---ri.oii:.ArthenilIs---behavibur-ofequation--J--at--experimental-
measurement conditions. In this investigation, the constant, n=O was used for normal 
air-natural gas combustion [5.7]. The pre-exponential factor A has a value of 
(RT)a+p 6.4 x 10· P . Dupont [5.3] reported that the reaction orders, a and fJ are 
dependent on the gas temperature. a and fJ can take values from 0 to I for 0, and 
0.2 to I for CH, respectively. At low temperature (T<IOOO K), the reactivity of CH, 
with 0, is very low and the reaction order of 0, is taken to be zero. As the 
temperature rises, the values of reaction order of 0, will gradually increase. At low 
temperature, the concentration of the fuel CH, plays a important role in the formation 
of prompt-NO and the value of fJ can be taken as I. 
In addition to prompt NO, thermal-NO formation also occurs during combustion 
processes. Thermal-NO is formed in the high-temperature region through the attack 
on nitrogen molecules by oxygen atoms. Zeldovich [5.3][5.8] proposed the following 
mechanism: 
O+N, ~ NO+N 
K3 = 1.9x1014 EXP( -3~79) 
N+O, ~ NO+O 
K, = 6.4XI09 (T)EXP( -3~61) 
N+OH~ NO+H 
K, = 3.8xI013 
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Here K, is the specific reaction rate constant and T is the temperature in K. By 
assuming a steady-state concentration for the N -atom and assuming the O-atom 
- --- - concentration-is'in-equilibrium;-the thermal-maximum-NO-formation-due-to Zeldovich-· ---
mechanism can be expressed as : 
where: 
[0,]. 
[N,J. 
qNOj,h 
a 
T 
10 -I[ ].!.[] (-69090) 6xIO T 0,; N, ,EXP T ........................................ (4) 
Equilibrium concentration of oxygen (mole/cm3) 
Equilibrium concentration of nitrogen (mole/cm3) 
The rate of nitric oxide formation at each time step (mole/cm3s) 
Gas temperature (K) 
The above equations were solved using a finite difference scheme where the energy 
changes were evaluated at each time step for equation (I) and (2). The energy 
changes associated with NO formation were small and were therefore not evaluated. 
Since the heat transfer from the product gases to the combustion chamber and along 
tail pipe had been simulated by both radiation and convection, the formation of 
. thermal and prompt NO in the post-flame gases was modelled in each segment by 
solving equation (3) and (4) simultaneously at each time step. 
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5.3 Predicted results discussion and validation 
~Aseries of simulations were carried-out-overa-range of-operational parameterssuchas~ -__~ __ _ 
relative air:fuel ratio (A), positive pressure amplitude (+liP), combustion frequencies (f), 
water jacket temperature distribution (Tw), input firing rates to investigate their affect on 
nitric oxide (NO) formation. The overall test envelope is shown in Table 5.1 which is the 
same as for the experimental study discussed in chapter 4. Note that, in the same manner 
as the experimental date reported in chapter 4, all the NO emissions presented here are 
corrected to 3% 02 dry. 
Table 5.1. Modelling test envelope 
Relative air:fuel ratio, A =1.0 to 1.3 
Input firing rate, Q fo" = I 0 to 25k W 
Tailpipe length, L=1.55, 2.00, 2.55 and 3.00m 
Combustion frequency, f=30 to 73 Hz 
Combustion positive pressure amplitude, + liP =0.05 to 0.15 bar 
Water jacket temperature, Tw=55°C, 65°C and 75°C 
5.3.1 Relationship between combustion frequency and predicted NO formation 
Figures 5.3:a-d, present the predicted thermal, prompt and total-NO formations (at 1..=1 
and Tw=55°C). Predictions indicate that the thermal and prompt NO formation is 
strongly dependent on the combustion frequency. The predicted NO formation decreased 
monotonically with increasing the operating frequencies from 34 to 65 Hz when the tube 
length was decreased from 3.0 to 1.55 m. The values of prompt NO were calculated to 
contribute approximately 6-19% to the total predicted NO formation. These results are 
shown in Table 5.2. The data clearly indicate that the prompt NO contribution decreased 
with increasing the input firing rate. This confirms that more thermal NO is produced at 
higher input firing rates. 
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Figures 5.3:a-d. Relationship between predicted NO formation and combustion 
frequency at different input firing rates (at ,,=1, Tw=55 °c and 
MP=O.05 bar). 
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Tested condition: 
Positive pressure amplitude +t.P=0.05 bar 
Relative air/fuel ratio, A= 1.0 
___ Water_Jac"et temperatuJ:e,T~_:=5.5°~ ____________________________________________ _ 
Input frequency, f=C/4L 
Where: 
C Sound velocity =400 (m/s-') 
L Length of tailpipe (m) 
Length of Input Frequency, Hz Predicted NOpr, Percentage of 
tail pipe, firing rate, total NO,ppm ppm NOpr 
Linm kW contributions, % 
1.55 10 64.52 18.35 1.48 8.06 
2.00 10 50.00 29.81 3.52 11.81 
2.55 10 39.21 48.66 7.97 16.38 
3.00 10 33.33 68.48 13.68 19.98 
Length of Input Frequency, Hz Predicted total NOpr, Percentage of 
tailpipe, firing rate, NO,ppm ppm NOpr 
Linm kw contributions, % 
1.55 15 64.52 21.90 1.61 7.35 
- 2.00 15 50.00 35.49 3.81 10.74 
2.55 15 39.21 57.70 8.65 14.99 
3.00 15 33.33 80.72 14.76 18.28 
Length of Input Frequency, Hz Predicted total NOpr, Percentage of 
tail pipe, firing rate, NO,ppm ppm NOpr 
Linm kw contributions, % 
1.55 20 64.52 24.70 1.70 6.89 
2.00 20 50.00 39.99 4.04 10.11 
2.55 20 39.21 64.86 9.16 14.12 
3.00 20 33.33 90.55 15.62 17.25 
Length of Input Frequency, Hz Predicted total NOpr, Percentage of 
tailpipe, firing rate, NO,ppm ppm NOpr 
Linm kw contributions, % 
1.55 25 64.52 27.03 1.78 6.59 
2.00 25 50.00 43.72 4.23 9.68 
2.55 25 39.21 70.82 9.58 13.53 
3.00 25 33.33 98.98 16.40 16.57 
Table 5.2. PredIcted NO formatIOn per a cycle at dIfferent mput firmg rates and dIfferent 
tail pipe lengths. 
Page 93 
Pulse combustion 
Similar predicted results were obtained when higher water jacket temperatures were 
applied, although higher predicted values of NO formation were obtained. The results are 
--graphically_presentedin Figures.A5.3.1 :a"d.andFigures .A5.3 .2:a-d. (See.Appendix.A5.3) .. __ 
Two potential causes for the reduction of NO levels with increasing frequency are 
changes in bulk heat transfer rates from the reacting mixture and the effect on the 
formation rate kinetics of the reduced cycle time. Consideration of existing knowledge of 
heat transfer in the Schmidt tube suggests that changes in heat transfer rates with 
frequency will be minimal. 
It is known that convective heat transfer is strongly related to the local value of the ratio 
of the maximum oscillatory particle velocity to the mean flow velocity (B) (Hanby [5.5]). 
In a standing wave this is a function of pressure amplitude hence the product of 
displacement amplitude and angular frequency (roA) is not affected by a frequency 
change. In addition, the value of the dimensionless pulsation velocity (B=roNV m) is 
always small at the closed (velocity node) end of the tube where the NO is formed. 
To examine the possible effects of cycle time on the kinetics of NO formation, temporally 
resolved NO formation rates were investigated. Predicted NO formation rates as a 
function of cycle time are shown in Figure 5.4 (L= 1.55m) and Figure 5.5 (L= 3.0m). 
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Figure 5.4. Temporally resolved thermal and prompt NO formation rates in 
combustion chamber and tailpipe length 1.55m. 
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Figure 5.5. Temporally resolved thermal and prompt NO formation rates in 
combustion chamber and tailpipe length 3.0m. 
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The results of these calculations show clearly that firstly, the rate of formation of both 
thermal and prompt NO reaches zero well before the end of the cycle and that the peak 
------rateofprompt.NO.ismuch.higher .. aLthe lower frequency._The .consequences.oLthese. ______ _ 
effects is better illustrated by considering the comparative formation rates of thermal and 
prompt NO in real time, as shown in Figures 5.6 and 5.7 respectively (note the different 
time axes used). 
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Figure 5.6. Time·resolved rate of formation of thermal NO for frequencies 30 and 60 
Hz. 
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Figure 5.7. Time·resolved rate of formation of prompt NO for frequencies 30 and 60 
Hz. 
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Given the dominant contribution of thennal NO on the total NO produced, Figure 5.6 
gives a strong indication that reduced NO would be result from a higher operational 
- --frequency-due-to -the higherquenching-actionwhich--results from-the -Iower·mixtures- ---- _ 
volume combusting in the cycle. 
Calculation of the areas under the curves in Figure 5.6, it was found that 55 ppm and 22 
ppm of thennal NO were obtained in 30 Hz and 60 Hz respectively. These data show 
that thennal NO fonnation in 30 Hz is more than double the formation ofthennal NO in 
60 Hz. It is therefore evident that operation frequency does strongly effect the NO 
fonnation. 
When the model was based on a 3.0m tailpipe length, at spatial locations of20mm from 
combustion chamber, thennal NO fonnation rate changed from essentially zero to a peak 
of 3.406xlO-8 moles/sec-cm3 in 0.0065 cycle (217 f.IS). Beyond the peak value, the 
fonnation rate of NO declined very rapidly before the end of the cycle. Further 
examination of the predicted results of 1.55m tailpipe length shows a similar profile of 
thennal NO fonnation rates. However, the volumetric efficiency is lower than that the 
value predicted at 3.0m. This phenomenon is due to a rapid decline in the peak 
temperature at higher operating frequency (shorter residence time), thus, quenching the 
fonnation of NO and eventually reducing the efficiency ofthennal NO fonnation rates. 
The effect of combustion frequency on prompt NO fonnation rates is also illustrated in 
Figure 5.7 which shows the time-resolved rate of fonnation of prompt NO for 
frequencies 30 Hz and 60 Hz. The steeper quenching rate associated with the shorter 
residence time combined with the reduced volumetric efficiency is very evident. 
Calculating the areas under the curves in Figure 5.7, indicated that prompt NO fonnation 
are 10 ppm and 1.5 ppm at 30 Hz and 60 Hz respectively. Predicted result suggested 
that prompt NO approximately 6-15% to the total predicted NO fonnation. Although 
small amount of prompt NO was obtained, this demonstrated the relative importance of 
the prompt NO fonnation route in pulse combustion. 
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The relationship between the maximum value of NO formation rates and combustion 
-- ---- -frequency, is iIIustrated-in-·Figure-5,8,-Curves shown·in··Figure-5.8,. indicate. that-the --- -____ _ 
maximum of prompt NO formation rates decreased gradually with increasing the 
operating frequencies from 30 Hz to 60 Hz when the tube length was decreased from 
3.0m to 1.55m. 
1..=1, +Ll.P=O.11 bar, Tw=SSoC and input firing rate 10kW 
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Figure 5.8. Relationship between maximum value of NO formation rates and 
combustion frequency. 
70 
This implies that the maximum value of prompt NO formation rate is dependent on 
combustion frequencies. However, the maximum value of thermal NO formation rate 
remains fairly constant over a range of operating frequencies. 
The predicted and measured exhaust NO formation and emission are plotted in Figures 
5.9:a-d to Figure 5.12. 
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Figures 5.9:a-d. Predicted and measured NO concentration against combustion 
frequency (at "-=1, Tw =55 °C and +6P=O.05 bar). 
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Figure 5.IO:a-c. Predicted and measured NO concentration against combustion 
frequency (at 1..=1, Tw=55 °C and +ilP=0.09 bar). 
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Figures 5.11 :a-d. Predicted and measured NO concentration against combustion 
frequency (at "-=1, Tw=55 °C and +6.P=O.12 bar). 
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Figure 5.12. Predicted and measured NO concentration against combustion frequency 
(at 1..=1, Tw=SS °C and +.1.P=O.IS bar). 
In simulating NO fonnation with tailpipe length of I.SSm, the total predicted NO 
emissions were approximately 7-16 ppm lower than experiment results at different input 
firing rates. However, 1-3 ppm and 13-17 ppm higher predicted results were obtained at 
2 and 2.SSm long tailpipes with different input firing rates respectively. Further 
examination of the data at 3m long tailpipe, however, shows predicted results 30-40 
ppm higher than the experimental value. In essence, the input combustion frequency 
for simulation were underestimated at higher input firing rates (e.g. 20kW and 2SkW). 
Referring to the Figure 5.13, the combustion frequency was found to increase with the 
input firing rate. According to Rayleigh principle [5.9], the frequency of the vibration in 
a pipe is proportional to the velocity of propagation of sound in the gas. Gases burning 
with higher input firing rates lead to higher gas temperatures and hence higher speed of 
sound and thus increasing in frequency. 
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Figure 5.13. Relationship between combustion frequency and tailpipe length and input 
firing rates. 
Similar predicted results were obtained when the model was run using higher water 
jacket temperatures although higher values of NO formation were obtained. These 
graphs are considered too cumbersome to include in the body of this chapter: they are 
therefore presented in Appendix AS.4 as Figures AS.4.1 :a-d and Figure AS.4.2:a-d 
respectively. 
In general, predicted NO concentrations were found to be in good agreement with 
experimental results, exhibiting the same trends. 
5.3.2 Relationship between positive pressure amplitude and predicted NO 
formation 
A plot of predicted NO formation against positive pressure amplitude (Figure S.14:a-b) 
is an indication that higher levels of NO concentration occur at lower positive pressure 
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amplitudes. At IOkW of input firing rate with 2m tailpipe, predicted NO formation 
progressively reduced from 30ppm to 27ppm when the positive pressure amplitude 
increased from O.OS bar to O.IS bar. 
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Figures S.14:a-b. Predicted NO formation against positive pressure amplitude at 
different input firing rates (at ,,=1, Tw=SS 0C). 
A similar result was obtained when the computer model was run over a range of input 
firing rates, tailpipe lengths and water jacket temperature. However, a higher level of 
NO concentration was observed with higher input firing rates and higher water jacket 
temperature distribution along the length of tailpipe. The effect of water jacket 
temperature on predicted NO formation is also presented in Figures AS.S.l :a-d and 
Figures AS.S.2:a-d in Appendix AS.5. 
The predicted and measured results with different tail pipe lengths and an input firing 
rates are presented individually in Appendix AS.6 (Figures AS.6.1 :a-d to Figures 
AS.6.4:a-d). Comparison of predicted and measured results at 2.0m long of tailpipe 
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(Figures A5.6.2:a-d), the predicted NO concentrations are approximately O.4ppm to 
7ppm higher with different input firing rates. This results indicates good agreement with 
the measured values. However, simulation results show that the calculations were 2-
16ppm under-predicted-aH :55m-long-of-tailpipe (see Figures-A5.6.1 :a-d)._.ILis_due_ to ____________ _ 
the fact that the heat transfer along the tailpipe pipe is over-estimated (lower 
temperature) as indicated by the exit gas temperature which is 65°C lower than the 
measured mean value of approximately 304°C at 25 kW input firing rate. 
When the computer model was run with 2.55m and 3.0m length tailpipe, the predicted 
results are 11-23ppm and 27-43 ppm higher than experimental measurements at 10 to 25 
kW input firing rates respectively (see Figures A5.6.3:a-d and Figures A5.6.4:a-d in 
Appendix A5.6). It may be seen that the combustion frequency is under-estimated at 
higher input firing rates and the heat transfer may be under-estimated as indicated by the 
exit gas temperature which is 32°C higher than the measured value at the open end 
section of the tailpipe. 
Generally, the relationships between predicted NO formation and positive pressure 
amplitude were found to be in good agreement with the observation from experiments. 
5.3.3 Relationship between relative air:fuel ratio and predicted NO formation 
As shown in Figures 5.15:a-b, predicted NO formation varies with relative air:fuel ratio 
and input firing rates with 1.55m long tailpipe. The maximum predicted total NO 
concentration was obtained at a relative air:fuel ratio of I. At leaner mixtures, the 
calculated total NO formation gradually decreased with increasing relative air:fuel ratio. 
This observation is due to excess air leading to a reduction in flame temperature and 
therefore in NO formation. Computer predictions also indicated prompt NO formation 
remains fairly constant with different relative air:fuel ratios. The pattern shows that 
thermal NO formation is strongly dependent on product gas temperature. 
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Figures S.lS:a-b. Predicted NO fonnation varies with relative air:fuel ratio from I to 
1.3 at different input firing rates (tested at Tw=SS °c and tail pipe 
length I.SSm). 
A similar predicted result was obtained when the model was simulated with a range of 
tailpipe lengths. The predicted results are plotted in Figure AS.7.! :a-d to Figure 
AS.7.3:a-d and presented in Appendix AS.7. 
5.4 Predicted results conclusions 
A model study of NO fonnation in a valveIess Schmidt type combustor has been 
developed. The model incorporated an imposed pressure fluctuation, a gas temperature 
model and convection and radiation heat transfer along the tailpipe with two step kinetic 
model for the treatment of combustion and gave satisfactory results. In summary, these 
were: 
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I. The predicted NO formation decreased monotonically with increasing the operating 
frequency. There was found to be in good agreement with experimental results. The 
data clearly indicated that calculation and measurement of NO concentrations both 
-- . -. ----produced the· same trends;---- -- ------ - --- --------- ---- ---------- - - _____ _ 
2. Calculation suggested that prompt-NO approximately 6-19% to the total predicted 
NO formation over a range of input firing rates. This demonstrated the relative 
importance of the prompt NO formation route in pulse combustion. 
3. When the model was run with a range of tailpipe lengths from 1.55 to 3.0m, the 
predicted results showed that prompt NO decreased with increased input firing rates. 
This clearly indicated that more thermal NO is formed at higher input firing rates. 
4. The predicted data suggested that NO formation is generally reduced by increasing 
the maximum positive pressure amplitude. Results of the calculation were found to 
be in good agreement with observation from experiments. 
5. Maximum NO formation was predicted at relative air/fuel ratios of ..1,=1. At higher 
values of A, the calculated total NO formation gradually decreased with increasing 
relative air:fuel ratio. Predictions also confirmed that thermal NO formation is 
strongly dependent on temperature. 
6. Computer predictions indicated that prompt NO formation remains fairly constant 
with varying relative air:fuel ratios. 
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6 Overall conclusions and suggestions for 
further work 
6.1 Overall conclusions 
-------- - -- ------
The primary objective of this study was to understand the effect of combustion frequency, 
positive pressure amplitude, relative air:fuel ratio, water jacket temperature and input 
firing rate on NO emissions. This has been achieved by the design and construction of a 
new Schmidt type pulse combustor to operate over a wide test envelope. Extensive 
experimental work has been conducted and has produced a large data set. 
The main part of the combustor consisted of water-cooled sections that the overall length 
of the tube could be varied in 50 mm increments. This enabled the operating frequency 
(in quarter-wave mode) to be varied in the range of approximately 30 to 75 Hz. 
Independent control of the pressure amplitude of oscillation was obtained by the use of 
two water-cooled damping tubes located at the acoustically-closed end of the tube. The 
amplitude of oscillation could thus be controlled independently of other variables such as 
relative air:fuel ratio or combustion frequency. Exhaust gas composition was measured 
through a heated sample line with the probe located 1.0m along the tailpipe from the 
burner inlet. This was to ensure independence with tailpipe length and to avoid any 
possibility of dilution by reverse flow of ambient air. Pressure measurements were made 
by a pressure transducer and were digitally recorded. 
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In general, it was found that the lowest emissions of NO occurred under conditions of 
high resonant frequency, high maximum pressure amplitude and lean air:fuel ratios. This 
---. -- -isprobably-due-to-following factors:_______ _ __ _ _ _____ _ __ _. ___________________ _ 
1. If the flow rates of air and fuel are maintained, the effect of an increase in frequency 
will be to reduce the volumetric efficiency of combustor: therefore, a smaller volume 
of fresh mixture will be admitted into chamber during each cycle facilitating rapid 
mixing with the products of the previous cycle. This reduces the residence times 
under conditions of high temperature and high oxygen concentration and hence lead 
to lower rates of NO formation. 
2. It is known that pressure amplitude is the significant parameter affecting the 
convective heat transfer coefficient: a higher pressure amplitude produces a higher 
velocity amplitude along the tailpipe. If flow reversal takes place then the convective 
film coefficient may be several times the equivalent steady-state value. This will 
produce higher rate of temperature drop in the tube and hence inhibit the formation of 
thermal NO. 
3. At higher relative air:fuel ratio, excess air cools the flame which leads to a drop in the 
bumed gas temperature and thus reducing NO formation and emissions. 
NO emissions were found to increase by raising the input firing rates and water jacket 
temperature along the length of tailpipe. This phenomenon may be explained by the 
following: 
1. At higher input firing rates, the thermal capacity rate of the combustion products are 
increased, leading to a lower heat exchanger effectiveness for the tube. This resulting 
higher gas temperatures would produce a rise in NO formation. 
2. It is known that temperature is the significant parameter affecting convection heat 
transfer: At higher water jacket temperatures, a higher wall temperature distribution 
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leads to lower the heat transfer and higher product gas temperature along the tailpipe, 
therefore higher levels of NO emissions are formed. 
--. --------------------
---------------_._------- --- - ----
A model was developed to predict NO emissions in pulse combustor. The basis of the 
modelling work was a one-dimensional approach, combined with sub-model of inlet 
valve, a two step kinetic combustion model together with rate equations for the formation 
of prompt and thermal NO. Convective and radiative heat transfer to the tube wall was 
also incorporated in the model. 
The model was run over the same envelope as defined in the experimental programme. It 
confirmed that an increase in frequency of operation produced a reduction in total NO 
production and that prompt NO formed a comparatively small (6-19%) proportion of the 
total NO emissions. This phenomenon is mainly due to a rapid decline in the peak 
temperature at higher operating frequency (shorter residence time), thus, quenching the 
formation rate of NO and hence reducing NO emissions. In addition, the model allowed 
new insight into the time-resolved formation of NO during the combustion cycle, which 
proved particularly valuable in understanding the effect of frequency on NO formation. 
6.2 Suggestions for further work 
The results of experimental measurement indicated that the present Schmidt type pulse 
combustor can afford a high degree of flexibility in term of defining a performance 
envelope. One of the immediate tasks for further investigation is to operate the present 
pulse combustor with different fuels over a range of test envelope. The main focus of this 
investigation would be to obtain a closer understanding the relationship between 
combustion frequency, positive pressure amplitude and NO emissions with different type 
of gaseous fuels. 
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Further examination of the measurements in three-quarter wavelength operation IS 
-- ------- -suggested:--This-investigation-would- provide.a_better_understanding_oLbeha"i()uLQf NQ ______ _ 
emissions in "hop mode" conditions. 
The present one-dimensional model could be further extended and run the same test 
envelope as defined in the experimental programmes. The extension of this model could 
include further development of a combustion and gas-dynamic model for the prediction of 
the NO formation. In order to achieve this prediction, a good understanding the chemical 
information of each product gas species will be required. Chemical kinetic combustion 
modelling techniques should be employed in the calculation of heat releases and mass-
fraction of chemical species in the combustion chamber. The chemical kinetics of flame 
temperatures would then be determined from these calculated results. 
Changes in temperature distribution may also influence the viscosity and density of the 
combustion mixtures, and hence, a better understanding of dynamic flow properties are 
also necessary. These wave dynamic transport processes can be modelled by an unsteady 
one-dimensional methods which are capable of resolving non-linear wave formation. For 
example, predictions of the influence of system geometries and operating parameters of 
wave structures in pulse combustors, will involve the use of a basic numerical model 
which requires one-dimensional non-linear, gas dynamic equations. These equations can 
model variable area geometries which are influenced by heat-transfer, wall-friction and 
heat release. These factors can be investigated by parametric modelling, a method which 
involves systematic variations of each of these parameters. 
These wave dynamic transport equations may be solved by using MacCormack explicit 
finite-difference method [6.1]. This method combines first order accurate forward and 
backward finite differences, and produces second order accurate algorithms which assures 
the propagation of non-linear pressure waves at correct amplitudes and speeds. The 
example of explicit finite-difference scheme is briefly described in Appendix A6.1. 
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Computer simulated results will be used to compare with available experimental data. It 
is hoped that the model together with the experimental results will help to explain further 
-·~---the-mechanism~for~the-observed-NO.formation and_emissionsJrends.~ __ ~~ _~~ ______ ~_ 
6.3 Chapter 6 references 
6.1 G.D. Smith, 
Numerical solution of partial differential equations: Finite Differential Methods, 
Third Edition, Oxford Applied Mathematics and Computing Science series, 1985. 
6.2 M.I. Lighthill, 
Hyperbolic equations and waves, pp. 96-109, Publisher cup, 1958. 
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Appendix A3.1: Design of internal diameter of water jacket 
T2 
~~~~ ~~? -SSSSSSSSS=S: - ------------ -- - +-- ----------- ---- ~---
=jiSSSSS 
T1 
Assumptions: 
I. The water temperature different between the inlet and outlet of the tailpipe is (L'l T) 
l5 a C. 
2. The average velocity of water flow is (U) I m/s. 
3. Heat absorbed into water (Q) is about 80% from input gas flow rate into combustion 
chamber. 
In case (l):-Assuming the input gas flow rate is 15 kW, the diameter of the internal tube 
can be calculated by the following procedure. 
By energy balance equation, 
Q = mw C pw L'l T ------------------------------------------------------------------------(A3.1) 
Where: 
Q Heat absorbed into water, Jls 
mw Mass flow rate of water, kg/s 
Cpw Specific heat capacity of water 4180, J/kg-K 
L'lT Temperature different between the inlet and outlet of water in the tailpipe, K 
From the above data, the mass flow rate of water can be calculated by substitution this 
data into equation (A3.1). 
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In calculation, 
-------. --T50-60xO~8-= m~-x-4180x15·--------- ----------~-- ------ ------+ -- "--- --- ---
mw = O.l914'kgls. 
According to equation V w mw = -, the volume of water can expressed as: 
p 
The velocity of water flow in the tailpipe is guessed asl mls, the time taken for the water 
flow through a length of the tailpipe (1.9 m) is 1.9 second. The volume of water requiring 
for the water travel in 1.9 sec. is 
VWN = 1.914x10"'x1.9 =3.6366m
3 
According to these data, the total volume of water jacket within the length oftailpipe (1.9 
m) can be expressed as: 
VJ = V WN + V T --------------------------------------------------------------------------(A3 .2) 
Where 
VJ Total volume of water jacket, m 3 
The volume of inter tube, 7rD~ L 3 -- m 
4 
DT The inter tube diameter (50 mm), m 
L The length of tailpipe (guessed at 1.9m), m 
From equation (A3.2), the total volume of water jacket is 
VJ = 3.6366xI0"'+3.73IxI0·
3 m3 
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v, = 4.1 x 1 0.3 m 3 -------------------------------------------------------------------(A3.3) 
----·Sincethe-waterjackeds-cylindical;·the-diameter-of-the-water-jacket·can·be-calculated-by ._-__ 
the following step. 
7l" D' V, = --' L -----....................... -------------------------------------------------(A3 .4) 
4 
Substitution equation (A3.3) into (A3.4), the diameter of the water jacket is 
7l" D' 1.9x--' = 4.1 X 10.3 
4 
D, = 54.7 mm. 
Repeating the calculation with different guessed values, (e.g. input gas flow rate and 
water flow rate), a series values of water jacket diameter is obtained. The results from the 
calculation is shown in table A3.1. 
Heat input J/s 15 kW 30kW 15 kW 30kW 
(L=1.9 m) (L=1.9 m) (L=3.0 m) (L=3.0 m) 
Velocity of water flow ,mis 
0.5 D-54.7 mm D-59.0 mm D-54.6mm D=65.0mm 
1.0 D-52.4 mm D-54.9mm D-52.4mm D-60.6mm 
Table A3.1. The diameter of water jacket minimum required for different value of water 
flow velocity and input firing rates. 
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Appendix A3.2: Variable length offlanged tube section design 
-- - -------Ten·tailpipesections-of-variable.lengths,-designed_with_flanged_ends,_are_shoWD_below _______ _ 
which can be used in a number of combinations so that it can used to alter the frequency 
of the Schmidt tube. 
LO=500mm 
500 mm 
400mm 
200 mm ~ 
11=200 mm 
I 200 mm 
100 mm I 
- n -
- -
L2= 200 mm 
200 mm 
-n 
-
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L3= 150mm 
f 1o~mml Omm 
r- n -
-
L4= 300 mm 
~Onmm 
1-...J1""5",,,O...LIDUJ-Ilj-'l_ 
- n 
-
L5= 350 mm 
-- ------ ---------------- --- -------
-
-
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L6=400mm 
- - --- --- - -- ----------- - --- ----
--- -----------
L7=400mm 
r- n n 
'-
L8=450mm 
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--- --b9=-250-mm----- ___ ... 
- ---------------- ---. --- -----
------ ------
- -------
I ~50mm 
.100 m_ 
- .n -
- -
L10= 100 mm 
Various tailpipe lengths are produced by joining together different flanged tube sections. 
For example: 
LO+L1 0 = 600 mm 
LO+L5+L7+L8+L1+L10= 2000 mm 
LO+L8+L7+L3+L1+L6+L5+L2+L4+L10 = 3050 mm etc. 
Combination of tailpipes of different lengths can be used to length in 50 mm steps. For 
example, it is possible to join different length of tailpipes to produce 2000 mm and 2050 
mm variable length of the tailpipe respectively. The length of this extended tube, could 
then be increased by joining it with another tube. In corrected combination, the distance 
between two sample ports along the tailpipe is always 200 mm. 
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--- --- -------- ---- --- - - -- --- --------------- -- ---- -- -------- --------
Appendix A3.3: FuIton Boiler Works Ltd. information 
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Fulton Boiler Works, (Great Britain) Ltd. 
LoNOx Pulse Heating Boiler. 
_----'SH_-=---26DkW _______________ _ 
I'ag~ 123 
Fulton LoNOx Pulse Boilers 
Setting new efficiency and environmental standards 
for commercial and industrial heating 
The Fulton· Pulse Control 7865 
A Smart One Pulse Boilers combining the simplicity of pulse combustion operation within 
l rugged steel pressure vessel. Fultonls 
",elusive 'Thermaflex' 316L Stainless Steel Programmed to provide a high level of 
)ipe design minimises thermal stress safety and reliability. it has functional 
:au.ed by va.yiOglemperalUreS to ';'hTcli- ----capability-and"features beyondthe---
he boiler may be exposed. capacity of conventional controls. 
These boilers can be condensing or The Fullon Pulse Control 7865 is a 
Ion-condensing, depending on return microprocessor based integrated burner 
vater temperature, and offer the highest control for application with the Fullon 
mciencies available. Gas Pulse Combustion Boilers. 
When operating in the condensing Functions provided by the 7865 include 
lode the boilers extract latent heat Crom automatic burner sequencing, system 
,e combustion products, resulting in status indication, system and self-
fCiciencies up to 96%. diagnostics and trouble shooting. 
Advantages of LONOx 
Pulse Combustion Boilers 
Operating efficiency up to 96%. 
Low NOx as low as 35ppm meets latest 
and projected European & Inter-
national standards Cor NOx emissions. 
Facility to operate in condensing mode 
when site conditions demand. 
Simplified Flue Venting - no chimney 
required. 
No boiler room make up-air required. 
Simple, reliable operation - no burner 
adjustments necessary. 
Low maintenance costs· one service 
per annum only. 
Fully packaged - assembled and tested 
prior to delivery. 
Unique microprocessor based 
ntelligent combustion control. Facility 
o interface with B.M.S. 
Boiler Efficiency/Return 
Boiler Water Temperature 
"("11 ... (;.. 
:c-.I ......... _ew ..... T-,.... .. ..... 
--'---.---r-~---r---: 
• "I;_~ - I,,, 
. . .. ~ ,': 
~- . '. "": - -----.. - K--: ,- ___ ._N 
'" 1;, ..1_ • 
4.,: ..' : .. , 
" . 
. " .. u:_,.,~ . I'" 
- . . : ... .... . 
Io' 
". "" 'J4 W ,.. 
'c tt ....... w._ Tc .. ,...,._ 
e boiler goes into the High HClicien<:y 
mdensinc mude. when the exhaust gas 
nper.lIurc dmps beluw 70"C, '111e allluun! of 
e (::&s cUlldensed is directly related tu (he 
urn w:...lcr tcmpcr.llure 'lI1d now r.ltc. which 
:elher dc1enuillc (he nue I:"s IC'"/ler"lure, 
Standard Features 
Cl Application flexibility. 
• Access Cor external electrical voltage 
checks. 
• Dependable, long term operation 
provided by micro-computer technology. 
• Five Light Emtting Diodes (LED's) for 
sequence infonnation and Cault detection. 
• Non volatile memory: 7865 retains 
history, files an-d sequencing status after 
loss of power. 
• Selectable re-try attempts Cor ignition. 
Safety Features 
• Closed loop logic test. 
• Dynamic input check. 
• Dynamic safety relay lest. 
• Dynamic self-check logic. 
• Expanded safe-start check. 
Air 
Dccoupler 
80, 
• Internal hardware status monitoring. 
• Tamper resistant (iming and logic, 
Options 
• Keyboard Display Module. 
• Remotc Display Module. 
• I:irsl-Oul Exp<.Indcd Anllunciato'r:" 
o HCf11u!c Hcsct. 
o I'crsllllal Cfllllputer IlIlCd<.Jcc captJhility, 
The air and gas Rapper valves are 
composed or a specially designed 
and P<ltented outer plate. fiappert. 
_~~~~~~.P~~ ___________________ _ 
The Operaling Phases of 
Pulse Combustion 
Phase I. A charge oC gas and 
air enters through Rapper valves 
into a bumerlheat exchanger that 
is sIzed and shaped as a Helmholtz 
resonator that OpelCltes at an 
approximate frequency oC 32Hz. 
The mixture ignites. initially by 
electric spark. 
Phase 2. The pressure . 
increases in the combustion 
chamber and closes the Oapper 
valves. The hot gases are driven 
out oC the open end or the heat 
exchanger causing the pressure la 
drop below atmospheric. 
Phase l, The Oapper valves are 
sucked open to admit the next 
charge. The cycle then repeats itselr. 
The FuUon's LONOx pulse 
Boiler can be used as a stand alone 
single boiler or in multiples as a 
condensing boiler system. 
Alternatively in series with a 
conventional non condensing boiler. 
when connected as lhe lead boiler. 
More inConnation available on 
system applicalion Crom Fulton 
Technical Department-
( 
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Design Technology with manufacturing durability 
and high performance operation. 
Compact 
These boilers arc suitable for modular 
application where space is restricled ill 
new and replacement applications. 
. __ ._Air Metering.FlapperYalve_ .. ___ _ 
High Quality 
Insulated Casing 
Attractive high 
gloss paint finish 
with control 
console and facia 
panel. 
Purge Fan 
Only operational 
during starting 
sequence and as a 
post purge device: 
shuts off during 
combustion cycle. 
Internal Control 
Panel 
Incorporating the 
unique Fulton 7865 
microprocessor 
based intelligent 
combustion controL 
Exhaust 
D :coupler 
Scaled chamber 
collecting 
exhaust gases. 
.;;.; i". -.. 
Compact and FuIlY~ ______ ....... 
Packaged Boiler 
S",all footprint 
p IB 80 & 135700 x 927mm 
PHB 200 & 260 850 x 1270 mm 
Spark Ignition 
For initial lighting only 
Anti Vibration Mountings and Flexible Connections 
For ultra quiet applications. the boiler is <.Ivailahlc with 
rour matched anti·vibration mounting feel; three Ocxihlc pipe 
connections for the boiler now "lid relurn <1Il(II~aS supply pipe. 
Pulse Combuster 
8mm thick 
combustion 
chamber designed 
by Fulton to give 
the characteristics 
of pulse 
combustion. 
Combustion 
Air Inlet 
75mm 
diameter for 
PHB80& 
135; 1l0mm 
diameter for 
PHB 200 & 
260. 
Heat Exchanger 
Tube Bank 
Thermaflex' 316L 
stainless steel 
heavy duty giving 
flexibility and 
reliability in 
operation. 
Exhaust Outlet 
75mm diameter for 
PHB80& 135; 
llOmm diameter 
for PHB 200 & 
260. 
High Quality Steel Pressure Vessel 
Welded and stamped in accordance 
with applicable codes and standards. 
Condcnsalc Drain 
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iloilcr Exhaust Vent 
& ComlJustion Air Inlet 
as never been easier! 
)nc of the unique design features of 
boiler is that no conventional flue is 
uircd. TIle boiler can be vented 
lugh a side wall, using 75mm or 
Imm diameter exhaust duct. Similarly. 
combustion atr is introduced directly 
> the boiler through the same size 
:Is. 
rhisalIows flexibility in selecting-boiler· 
ltion8 and on site costs in time and 
:erial are considerably reduced Crom 
se of conventional boilers. 
rhe exhaust vent pipework can be 
alIed in either single skin stainless steel 
ligh temperature plastic pipework_ 
'ulI details are available from Fullon 
hnical Department and in the Fullon 
~OX Pulse Boiler Application Manual. 
ecification 
mensions 
_Model .... PHB80 
mm.. .SIO 
mm 700 
mm 927 
mm 220 
mm 
mm' 
mm 
mm 8SO 
mm 
mm 
mm 
mm 178 
"""n. mm !la 
mm 108 
Sizes 
U>I'inch", I.s-
"-
use inch'" L 
,,! mm 
L1c! 
cn"'!e WinchCS 0.7S-
PHBUS 
Pi=" 1715 
700 
927 1270 
220 
26 
lOSS 
=i 760 584 
117>1 ~ 100 178 
!la IlO 
108 108 
2" 2.s-
2" 2.5' 
75 11 
I' I. 
0.75' 0.: 
Site 
Requirements 
111C Qoilcr does not 
require a special base. 
It can be positioned on 
a level non combustible 
floor. 
The boiler will pass 
through a 1 metre wide 
opening . 
( 
. Oearances of 1 metre 
----Cront;400mmrearand- -----~. 
600mm side and top. 
The noise level of the 
boiler is approximately 
7ldBA under Cu)lload 
conditions. For further 
details contact Fulton 
Technical Department_ 
--
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...., 
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Fulton Boiler Works, (Great Britain) Ltd. L 'M' I ---C----' 
r:aclory and I~port Sales 
IInHllllhill I(uud. 
Bristul US4 "'TU. 
TdcflIIUlIC; «(212) 72J.1ZZ 
S;ales: IInd Service: (112121 772'i(j) 
F;u: (U21211U}:l1'I 
In Cbe U.5.A. 
l:ullulI Iklilcr W(Jrks. Inc. ",Irt & ,dfcn;uu'SI..lIux. 
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Appendix A3.4: Technical assembly drawing 
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Appendix A3.5: Water closed circuit 
A closed water circuit is used to control the temperature distribution along the Schmidt 
combustor. This device consists of several components and is attached to the combustor 
as shown in Figure A3.S .1. The function of each of the components is explained in this 
section. 
T.mpe~ U:dic .. tor 
.. \ 
-------------
Supply 
volt.l(l!s '-J_ 
W .. ttrdos.d 
cireuit 
Pump ::~}~~~[:=:}~~T~<>b~N~ide &idiNet 
Tube-side OQtJ.t,Heat exdWlCl!T 
Figure A3.S.1. Water closed circuit. 
Water flowing through the water jacket from the burner to the end section of the tailpipe 
was provided via a pump. A alternating supply voltage between 0-240 volts was used to 
power the pump. During normal pump operation, the supply voltage was set at 220 volts. 
Temperature variations along the tailpipe were measured with type-K, mineral insulted 
thermocouple probe. Two thermocouples were initially installed at the inlet and outlet 
line of the water closed circuit respectively. The recorded temperatures were displayed on 
a digital thermometer. 
The water temperature inside the closed circuit is governed by a shell-and-tube heat 
exchanger. This type of exchanger consists of round tubes mounted on a cylindrical shell 
with their axes parallel to that of the shell. Figure A3.S.2 illiterates the main features of a 
shell-and-tube exchanger a fluid flows within the tubes while another fluid flows outside 
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the tubes. Both fluids are pumped through the exchanger; hence heat transfer on both the 
tube and the shell side is by forced convection. 
Tube-d" 
Ouidoutlat 
Slu!D-licle 
Ouidoutlet 
Shell-.ide 
Ouidinlet 
Tub.-,Lie fluid 
w.. 
Figure A3.S.2. A shell and tube heat exchanger. 
Hot water expansion inside the circuit is restricted by the utilisation of an expansion tanle 
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Appendix A3.6: DT 2805 series software package 
The DT-2805 model software package, can be used as an analog to digital (AID) converter. 
An (AID) converter changes analog voltages (comparable to the output signal of a pressure 
sensor or a thermocouple) into a digital signals. The following procedure is an example of 
AID conversion (refer to the block diagram of an AID converter in Figure A3.6.1). 
16 channel multi-
plexer. 
(8 differential) 
Programmable gain 
amplifier 
Sample 
H~ld 
T 
AJO converter 
Precision gain resistor 
netwok 
Figure A3.6.1. Block diagram AID converter. 
I. The analog multiplexer chooses an input channel from those connected to the board. 
2. The programmable gain amplifier buffers the analog input, and may increase its voltage 
level. Since the analog input signal from the transducer may be only +20mV maximum 
on the DT2805, an amplifier is used to boost the signal's voltage to the 0 to + I 0 volt level 
required by the board's AID converter. 
3. A sample and hold circuit acquires the selected analog signal from the multiplexer and 
stores it on a capacitor, keeping the voltage of the signal constant so an accurate AID 
conversIOn can occur. 
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4. Finally, the AID converter translates the analog held by the sample and hold into a digital 
signal. 
The DT 2805 model AID system has 12 bits of resolution. Once a signal is received from the 
pressure sensor, the analog signal is converted into a binary number. The binary number is 
resolved into 12 bits long, and can assume 4096 different states ( 4096 equals 2 raised to the 
twelfth power). A 12-bits converter can therefore resolve differences on an analog input, of 
minimal magnitude 0.024% (0.024 equals 100x1l4096) of the selected analog input range. 
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Appendix A4.1. 
Effect of frequency on NO emissions over a range of relative air:fuel ratios between 
A.=l.l to 1..= 1.5 (tested at Tw=55 QC) 
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~I.I, Tw=55°C and input firing rate 10kW 
O
N 
70r--------------~~~~~~~~~~ 
60 • Positive pressure amplitude=O.05 bar 
- .. - PosiUve pressure amplitude=O.09 bar 
;; 50 - .. - Positive pressure amplitude=O.12 bar 
@-40 
_l:' a :!!. 30 
Eo 20 
o 
z 10 
O+-----~----~------~----~----~----~----~ 
20 30 40 50 60 70 80 90 
Combustion frequency. Hz 
~I.I, Tw=55°C and input firing rate 15kW 
70r-----------------~~~~======~~~~ 
60 - Positive pressure amplttude=0.05 bar 
- .. - Positive pressure amplitude;;O.09 bar 
- ... - Positive pressure amplttude=0.12 bar 
- - • - . Positive pressure amplitude=O.1S bar ___ I 
......... . 
'. ---"*,,,"--
-" 
;;I! 50 
... @~40 
E :!!. 30 
a. 
Eo 20 
Z 10 
O+-----~~-----+------+-----_+------~------~----~ 
20 30 40 50 60 70 80 90 
Combustion frequency, Hz 
~ 1.1, Tw=55°C and input firing rate 20kW 
7°T------------------------~~i=~~~;;,~~~~~~~~ o 60 I • Positive pressure amplitude=O.05 bar 
- .. - Positive pressure amplitude=O.09 bar 
..,. 50 
C") ~ _ :- - .. - Positive pressure amplitude=O.12 bar 
@-40 ""l:. E~30 - --.___ • !' 20 ---------+ 
~ 10 
O+------+----~~----+_----~----_+------~--~ 
20 30 40 50 60 70 80 90 
Combustion frequency, Hz 
~ 1.1, Tw=55°C and input firing rate 25kW 
7°T------------------------1F.~~~~~~~~~~~~~~ o 60 r • Positive pressure amplttude=0.05 bar I 
~ 50 - .. - Positive pressure amplitude=O.12 bar I 
@-40 ----E ~ 30 ... - - -:-:-::-:::-t::t:-::-:::-:::-::-___ ~ 
.s 20 ---------~ 
o 
z 10 
o+-----~----~~----+_----~----~------~--~ 
20 30 40 50 60 70 BO 90 
Combustion frequency, Hz 
Figures A4.I.l :a-d. Relationship between NO emissions and combustion frequency at 
different input firing rates (tested at A.=l.l and Tw=55 °C). 
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;1.;:1.2, Tw=55°C and input firing rate 10kW 
70,-------------------r=~~~======~~~~~ 15 60 ----Positive pressure amplitude=O.05 bar 
- .. - Positive pressure amplitude=O.09 bar ~ 50 - ... - Positive pressure amplitude=O.12 bar 
@-40 -~ [ :!!. 30 
a. o 20 
z 10 
O+-----~------~------~----_+------+_----~------~ 
20 30 40 50 60 70 80 90 
Combustion frequency, Hz 
;1.;:1.2, Tw=55°C and Input firing rate 15kW 
70r-----------------1r~~~~==~==~~~~ o 60 - Positive pressure amplilude=O.05 bar 
;;t. 50 - .. - Positive pressure amplitude=O.09 bar 
@ _ 40 - .. - Positive pressure amplitude=O.12 bar 
-~ E :!!. 30 
a. 
So 20 ... -- , .t= 0.:_ ~.t=.. .,-
~ 10 
O+-----~----_+------r_----+_----~----_+----~ 
20 30 40 50 60 70 80 90 
70 
" 60 0 
1f'. 50 
... 
@-40 -~ [ :!!. 30 
So 20 
0 10 z 
0 
20 30 
Combustion frequency, Hz 
;1.;:1.2, Tw=55°C and Input firing rate 20kW 
_ Positive pressure amplitude=0.05 bar 
- .. - Positive pressure amplitude=O.09 bar 
.... - .. - Positive pressure amplitude=O.12 bar 
~"-I: .. -. 
. . .., 
40 50 60 70 80 
Combustion frequency. Hz 
;1.;:1.2, Tw=55°C and input firing rate 25kW 
90 
70r------------------,r=~~~~==~~~~~ 
0
" 60 1-Positive pressure amplitude=0.05 bar 
- .. - Positive pressure amplitudEFO.12 bar 
";/! 50 
... ~ @-40 E ~ .- - - -~-::=-:: __:-:::-::_ _ ___ a.-~ -- _ . 
So ~ --~ 
o 
z 10 
O+-----~-------r------+_----_+------~------~----~ 
20 30 40 50 60 70 80 90 
Combustion frequency, Hz 
Figures A4.1.2:a-d. Relationship between NO emissions and combustion frequency at 
different input firing rates (tested at ).=1.2 and Tw=55 0C). 
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Pulse combustion 
A.=1.3, Tw=SSoC and input firing rate 10kW 
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Figures A4.1.3:a-d. Relationship between NO emissions and combustion frequency at 
different input firing rates (tested at ;"=1.3 and Tw=55 0C). 
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Pulse combustion 
1..=1.4, Tw=SSoC and input firing rate 10kW 
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Figures A4.1.4:a-d. Relationship between NO emissions and combustion frequency at 
different input firing rates (tested at A.=1.4 and Tw=55 QC). 
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Pulse combustion 
A=1.5, Tw=55°C and input firing rate 15kW 
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Figures A4.1.5:a-b. Relationship between NO emissions and combustion frequency at 
different input firing rates (tested at 1..=1.5 and Tw=55 0c). 
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Pulse combustion 
Appendix A4.2 . 
. Effect of frequency on NO emissions over a range of relative air:fuel ratios between 
A=l.1 to A=1.5 (tested at Tw=65 °c and 75°C) 
Page 139 
Pulse combustion 
1..=1.1, Tw=65°C and input firing rate 10kW 
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Figures A4_2_1 :a-d. Relationship between NO emissions and combustion frequency at 
different input firing rates (tested at A=l.l and Tw=65°C). 
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Figures A4.2.2:a-d. Relationship between NO emissions and combustion frequency 
at different input firing rates (tested at )..=1.2 and Tw=65°C). 
Page 141 
Pulse combustion 
1..=1.3, Tw=65°C and input firing rate 10kW 
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Figures A4.2.3:a-d. Relationship between NO emissions and combustion frequency 
at different input firing rates (tested at ],,=1.3 and Tw=65 0C). 
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Pulse combustion 
A= 1.4, Tw=6SoC and Input firing rate 20kW 
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Figure A4.2.4. Relationship between NO emissions and combustion frequency at 
input firing rete of20 kW (tested at ",=1.4 and Tw=65 0C). 
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Pulse combustion 
A=I.I, Tw=75°C and input firing rate 10kW 
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Figures A4.2.5:a-d. Relationship between NO emissions and combustion frequency 
at different input firing rates (tested at 1..=1.1 and Tw=75 0C). 
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Pulse combustion 
:1.=1.2, Tw=75°C and input firing rate 10kW 
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Figures A4.2_6:a-d. Relationship between NO emissions and combustion frequency 
at different input firing rates (tested at J,,=1.2 and Tw=75 °C). 
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Pulse combustion 
)..=1.3, Tw=7S"C and input firing rate 10kW 
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Figures A4.2.7:a-d. Relationship between NO emissions and combustion frequency 
at different input firing rates (tested at :\.=1.3 and Tw=75 0C). 
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Pulse combustion 
'-='1.4, Tw=75°C and input firing rate 20kW 
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Figures A4.2.8:a-b. Relationship between NO emissions and combustion frequency 
at different input firing rates (tested at 1.=1.4 and Tw=75 °C). 
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Pulse combustion 
Appendix A4.3. 
Relationship between NO emissions and positive pressure amplitude at different input 
firing rates over a range of relative air:fuel ratios between A,=l.l to A,=1.5 (tested at 
Tw= 55 DC, 65 DC and 75 DC) 
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Figures A4.3.1 :a-d. Relationship between NO emissions and positive pressure 
amplitude at different input firing rates (tested at ],,=1.1 and Tw=55 
QC). 
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Pulse combustion 
1..=1.2, Tw=SSoC and input firing rate 10kW 
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Figures A4.3.2:a-d. Relationship between NO emissions and positive pressure 
amplitude at different input firing rates (tested at A.=1.2 and 
Tw=55 QC). 
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Pulse combustion 
1..=1.3, Tw=SSoC and input firing rate 10kW 
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Figures A4.3.3:a-d. Relationship between NO emissions and positive pressure 
amplitude at different input firing rates (tested at A=1.3 and 
Tw=55°C). 
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A=1.4, Tw=SS"C and input firing rate 1SkW 
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Figures A4.3.4:a-c. Relationship between NO emissions and positive pressure 
amplitude at different input firing rates (tested at ",=1.4 and 
Tw=55°C). 
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1..=1.5, Tw=55°C and input firing rate 25kW 
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Figure A4.3.5. Relationship between NO emissions and positive pressure 
amplitude at input firing rate of25 kW (tested at A.=1.5 and Tw=55 
QC). 
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Figures A4.3.6:a-d. Relationship between NO emissions and positive pressure 
amplitude at different input firing rates (tested at ",=1.1 and 
Tw=65°C). 
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Figures A4.3.7:a-d. Relationship between NO emissions and positive pressure 
amplitude at different input firing rates (tested at 1..=1.2 and 
Tw=65 QC). 
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A.=1.3, Tw=6SoC and Input firing rate 10kW 
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Figures A4.3.8:a-d. Relationship between NO emissions and positive pressure 
amplitude at different input firing rates (tested at ],,=1.3 and 
Tw=65 QC). 
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Figures A4.3.9:a-b. Relationship between NO emissions and positive pressure 
amplitude at different input firing rates (tested at A=l.4 and 
Tw=65°C). 
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Figures A4.3.1 O:a-d. Relationship between NO emissions and positive pressure 
amplitude at different input firing rates (tested at A=I.1 and 
Tw=75°C). 
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Figures A4.3.11 :a-<l. Relationship between NO emissions and positive pressure 
amplitude at different input firing rates (tested at A.=1.2 and 
Tw=75°C). 
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Figures A4.3.12:a-d. Relationship between NO emissions and positive.pressure 
amplitude at different input firing rates (tested at "-=1.3 and 
Tw=7S°C). 
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Figures A4.3.13:a-c. Relationship between NO emissions and positive pressure 
amplitude at different input firing rates (tested at A.=I.4 and 
Tw=75°C). 
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.. ;1.5, Tw=7SoC and input firing rate 1SkW 
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Figures A4.3.14:a-b. Relationship between NO emissions and positive pressure 
amplitude at different input firing rates (tested at i..=1.5 and 
Tw=75 QC). 
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Appendix A4.4: Coefficient of Variation (COV) 
The COY value can be expressed as: 
(Y 
COV=--
+& 
Where: 
+6.P Mean peak pressure amplitude (bar) 
er Standard deviation of peak pressure amplitude (bar) 
In experimental measurement, a mean peak pressure amplitude (+6.P) was calculated 
more than 85 cyclic variation of peak pressure amplitude such as +6.P" +6.P2, +LlP3, 
........ , +6.Pss. It's definition can be expressed as: 
+LlP = (+6.P1) + (+6.Pz) + (+6.P3 )+···········+(+6.Pn ) 
n 
Where: 
+6.P Mean peak pressure amplitude (bar) 
+6.P1 1st of cyclic variation of peak pressure amplitude (bar) 
+6.P2 2nd of cyclic variation of peak pressure amplitude (bar) 
+6.P2 3rd of cyclic variation of peak pressure amplitude (bar) 
+LlPn nth of cyclic variation of peak pressure amplitude (bar) 
n Number of cyclic variation of peak pressure amplitude (-) 
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Results show that the value of mean peak pressure oscillation (+D.P) was generally to 
fairly constant when 60 cyclic variations of peak pressure amplitude were examined. For 
example, in a 2.55m tailpipe at input firing rate 25 kW, by increasing the number of 
cyclic variations of peak pressure amplitude from 60 to 70, the values of mean peak 
pressure amplitude (+D.P) obtained were 0.157 bar and 0.1572 bar respectively. Using 
• 
these results as a basic guideline, the minimum number of cyclic variations of peak 
pressure amplitude was decided to be 85. 
The value of standard deviation (cr) is based on the number of cyclic variation of peak 
pressure amplitude. It is used to measure of how widely values are dispersed from the 
mean peak pressure amplitude (+D.P). By definition, standard deviation can be expressed 
as: 
eT= 
n ~:<+D.p)2 - (I +D.P r 
n(n -1) 
Where: 
L Sum of peak pressure amplitude (-) 
n Number of cyclic variation of peak pressure amplitude (-) 
To obtain a better understanding of the Coefficient of Variation (COV) value responsible 
for the stability of pressure oscillation found in combustion chamber, the value of 
standard deviation (cr) were investigated. Calculated values of standard deviation (cr) and 
mean peak pressure amplitude are indicated in Figure A4.4.l and Figure A4.4.2. 
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Figure A4.4.I. Standard deviation of peak pressure amplitude in combustion chamber, at 
relative air:fuel ratio I and input firing rate 25 kW (stable oscillation). 
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Figure A4.4.2. Standard deviation of peak pressure amplitude in combustion chamber, at 
relative air:fuel ratio 1.4 and input firing rate 25 kW (unstable oscillation). 
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The oscillation of pressure traces, under the same test condition, are also presented in 
Figure A4.4.3 and Figure A4.4.4. 
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Figure A4.4.3. Stability of pressure oscillation traces vs time at relative air:fuel ratio I, 
input firing rate 25 kW and tailpipe length 2.55m (stable oscillation). 
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Figure A4.4.4. Stability of pressure oscillation traces vs time at relative air:fuel ratio 1.4, 
input firing rate 25 kW and tailpipe length 2.55m (unstable oscillation). 
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The data show that the values of standard deviation became higher with increasing the 
unstable pressure oscillation. As an example, when the stability of pressure oscillation 
was operated from stable (1,.=1) to unstable condition (1,.=1.4), the value of standard 
deviation increased from 0.01 bar to 0.06 bar. Since the Coefficient of Variation (COV) 
value are directly related to the value of standard deviation, thus, COY would be used to 
indicate the stability of pressure oscillations in combustion chamber. 
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Appendix A4.5: Oscillation of pressure traces 
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Figure A4.5.l: c. 
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Figure A4.5.1: f. 
Figures A4.5.1 :a-f. Stability of pressure oscillation traces vs time, at input firing rate 
15kW and over a range of relative air: fuel ratios from 1 to 1.5 ( at 
Tw=55°C). 
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Figure A4.5.2: b. 
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Figure A4.5.2: c. 
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Figures A4.S.2:a-f. Stability of pressure oscillation traces vs time, at input firing rate 
ISkW, and over a range of relative air:fuel ratios from 1 to I.S (at 
Tw=75°C). 
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Appendix AS.1: Mathematical description of flow rates entering the 
combustion chamber 
The instantaneous volume flow rate (m3/s) of gas into the combustion chamber can be 
described by an orifice flow, thus: 
v = JtP run .................................................................... (ASl) 
Pmix 
Where J = CdAo, the products of the discharge coefficient and the orifice area. The 
value of J can be calculated from the mean flow, by integration over a whole cycle 
period as shown below. 
Equation (AS.!) can be integrated thus: 
T 
JVdt =J 
o 
2(+~P) J.Jsin(wt)dt ........................... (AS.2) 
Pmix 0 
T 
Letting I1 = J.Jsin(wt)dt ..................................... (AS.3) 
o 
U = mT therefore dU = mdT 
1 
and dT = -dU 
m 
When T=O, U=O and T=(2t)", , U=" , hence, 
1 K '-:.--;:-:0-I1 = - J.Jsm(U)dU ............................................ (AS.4) 
0)0 
Equation (AS.4) can be integrated by the ganuna function in the form of 
r(~) 
I 4 c I1 = --S-"" ............................................... (AS.5) 
0) r(-) 
4 
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Where, 
rc~) = 0.919100S and rc~) = 0.9108l3 
4 0.7S 4 
Equation AS.S can therefore be simplified as: 
-hi II = -1.34S46S32 ........................................... (AS.6) 
III 
The mean value of V can be calculated by integration over a cycle period giving, 
T 
V =.!. J( V.;, + V fu,1 )dt = (V.;, + V (u,l) •.••••.•••••.•••••• (AS.7) 
To 
Where V.;, and V fud are mean volume flow rates of the mixtures into combustion 
chamber. These values are dependent on the input firing rate and the relative air:fuel 
ratio. 
Substitution equation (AS.6) and (AS.7) into equation (AS.2), yield the expression for 
J form of 
V J = -;====== ...................................................... (AS.8) 
II 2(+/lP) 
Pmix 
Substitution of the J value into equation (AS. I), gives the instantaneous mixture flow 
rate into combustion chamber. 
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Appendix A5.2: Adiabatic flame temperature calculation 
The procedures of simulation of adiabatic flame temperature may be calculated by 
executing the following steps. 
(I) Energy balance equation may be evaluated as Hp = ev + HR' 
Where: 
cv The net specific heat of the fuel (J/kg). 
HR The enthalpy of the fuel and air (ref. 25 DC) and may be calculated from 
HR = (t, - 25) L (me p) R' The summation is carried out for each of the 
species present in the reactants and t, is initial temperature of fuel and 
air. 
Hp The enthalpy of the products and is expressed as 
(2) Since Hp is expressed as Hp = (t f - 25) L (me p) p , the value of t f is not solved 
explicitly. However, it was suggested by Hanby [5.4] that t f may be estimated in 
calculation of specific heats of combustion products at the average between the 
(
t + 25) flame and the reference temperature,. f 2 DC. The evaluated specific heat 
value of species may then be used to solve energy balance equation. 
(3) A substantial discrepancy exits between this new value of t f and the original 
value. The new-value of t f would be used to re-evaluate specific heats values of 
combustion species corresponding to step 2. Thus, steps (2) and (3) would be 
repeated until convergence is achieved. 
This method of predicting the flame temperature is used in many engineering 
calculations. Hanby [5.4] reported that the value of t f generally converges to within 
5 DC in four iterations. 
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Appendix A5.3 
Relationship between predicted NO formation and combustion frequency at different 
input fIring rates (at ).,=1, Tw=65 ·C and 75 ·C, and +.6.P=0.05 bar) 
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Figures AS.3.1 :a-d. Relationship between predicted NO formation and combustion 
frequency at different input firing rates (at A=I, Tw=65 DC and 
+ilP=O.05 bar). 
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A=1,Tw=75°C, +aP=O.05bar and input firing rate 10kW 
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Figures AS.3.2:a-d. Relationship between predicted NO formation and combustion 
frequency at ditlerenl input firing rates (at A=I, Tw=7S QC 
and +t;P=O.05 bar). 
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Appendix A5.4 
Predicted and measured NO concentration against combustion frequency at different 
input firing rates (at 1..=1, Tw=65 ·e and 75 ·e, and +M'=O.05 bar) 
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Figures AS.4.1 :a-<l. Predicted and measured NO concentration against combustion 
frequency (at 1..=1, Tw ~G5 "c and +/lP=O.OS bar). 
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Figures A5.4.2:a·d. Predicted and measured NO concentration against combustion 
frequency (at 1..=1, Tw =75 °C and +t.P=O.05 bar). 
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Appendix A5.5 
Predicted NO formation against positive pressure amplitude at different input firing 
rates (at 1..=1, Tw=65 °C and 75°C) 
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Figures AS.S.! :a-d. Predicted NO formation against positive pressure amplitude at 
different input firing rates (at 1.=1, Tw=65 QC). 
Page 183 
Pulse combustion 
" 
120 
E ~- 100 c.~~ 
S: 8..!!. 80 
° " zl:°60 0,0 
B ;:I;' 40 ~~@) 
.e 20 
o 
" 
120 
E ~- 100 c.~~ 
S:8,:!:!. 80 
o c cS 60 
zo,#-
--", 
.B 1ii @) 40 ~ E 
.l! 20 
o 
120 
" E ~- 100 c."~ 
.e: 0; ~ 80 
c. " 
°"°60 zorf:. 
S ~ ~ 40 ~E"" 
.2 20 
o 
o 
o 
o 
o 
A=1, Tw=7SoC and input firing rate 10kW 
••••. [P1.5Sm 
.. 
• • • - -+ -L=Z.Om 
.----*--.---. 
..... _ ....... - ..... - . - .. - L=Z.5Sm 
.. . . . . . .•. . . . .•. . . . .• 
_L=3.0m 
0.05 0.1 0.15 
Pressure amplitude +aP, bar 
A=1, Tw=7SoC and input firing rate 1SkW 
• • 
••••• L-1.5Sm 
• • 
.----.---.--- ... 
- -+ -L=Z.Om 
..... _ ....... - ..... -. - .. - L=Z.5Sm 
.................... 
• L=3.0m 
o 0.05 0.1 0.15 
Pressure amplitude +AP. bar 
A=1, Tw=7SoC and input firing rate 20kW 
... 
• •••• ·L=I.5Sm • • 
.----.---.--- ... 
- -+-L=l.Om 
..... - ....... - ..... -. 
- .. - .... l.SSm •... " ............... 
• .... 3.0m 
0.05 0.1 0.15 
Pressure amplitude +.6.P, bar 
A=1, Tw=7SoC and input firing rate 2SkW 
•••• ·L=I.5Sm 
.----* 
-- ... --. 
- -+-L=l.Om 
..... - ....... - ..... -. 
- .. - L=2.sSm •.......•.....•.....• 
• L=3.0m 
0.05 0.1 0.15 
Pressure amplitude +.1.P, bar 
Figures A5.5.2:a-d. Predicted NO formation against positive pressure amplitude at 
different input firing rates (at 1..=1, Tw=75 QC). 
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Appendix A5.6 
Predicted and measured NO concentration against positive pressure amplitude at 
different input firing rates (at ],=1, Tw=SS °c and L=l.SS m to 3.0m) 
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Figures AS.6.1 :a-d. Predicted and measured NO concentration at different input firing 
rates (at ],,=1, Tw=55 QC and tailpipe length 1.55m). 
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Figures A5.6.2:a-d. Predicted and measured NO concentration at different input firing 
rates (at 1..=1, Tw=55 °C and tailpipe length 2.0m). 
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Figures A5.6.3:a·d. Predicted and measured NO concentration at different input firing 
rates (at A=I, Tw=55 °C and tailpipe length 2.55m). 
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Figures A5.6.4:a-d. Predicted and measured NO concentration at different input firing 
rates (at A=I, Tw=55 QC and tai1pipe length 3.0m). 
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Appendix AS.7 
Predicted NO formation varies air:fuel ratio from I to 1.3 at different input firing rates 
(at Tw=55·C and L=2.0 rn, 2.55m and 3.0m) 
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Figures A5. 7.1 :a·d. Predicted NO formation varies with relative air:fuel ratio from 1 
to 1.3 at different input firing rates (at Tw=55 °C and tailpipe 
length 2.0m). 
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L=2.55m, Tw=55°C, +dP=O.15bar and input firing rate 10kW 
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Figures AS.7.2:a-d. Predicted NO formation varies with relative air:fuel ratio from I 
to 1.3 at different input firing rates (at Tw=55 °c and tailpipe 
length 2.SSm). 
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Figures A5.7.3:a-d. Predicted NO formation varies with relative air:fuel ratio from I 
to 1.3 at different input firing rates (at Tw=55 °C and tailpipe 
length 3.0m). 
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Appendix A6.1: Explicit Finite-Difference Scheme 
The transition of differential to finite-difference equations (FDE) can be accomplished by 
several methods [6.1][6.2]. For example, explicit and implicit finite-difference schemes, 
are related by concepts of accuracy, order of precision, convergence, stability of 
numerical schemes, and truncation errors. A simple scalar equation such as the diffusion 
equation is used here to illustrate these concepts. The parabolic linear partial differential 
diffusion equation can be written as a one space variable as shown below: 
O<x<l, t> 0 
Where: 
u Dependent variable 
x Spatial variable 
t Temporal variable 
C Positive constant 
The effect of this equation is expressed in Figure A6.1.1: 
go[t) 
9,[t) 
o Uo [x) 1.0 x 
Figure A6.1.1. Initial and boundary condition of this equation. 
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Initial condition: 
u(x,O) = Uo (x) , 
Boundary conditions: 
u(O,t)=go(t) 
u(l, t) = g, (t) 
0::;; x::;; I 
t> 0 
t> 0 
A sufficiently smooth function f( s) stating the distance travelled by gases can be 
expressed by the Taylor series about a given parameter, "s" as shown below: 
h' 
f(s+h) = f(s) + hf(s) + (2 )f'(s) + ................................ (A6.l) 
h' 
f(s-h) = f(s) - hf(s) + (2 )f'(s) -................................... (A6.2) 
Where h is the incremental spacing along the s-direction as iIIustrustrated in Figure 
A6.1.2, the prime indicates differentiation with respect to s. 
~----h------~~---h------~ 
•• --------------~.~------------~.-----------7) s 
lIs-h) lIs) fls+h) 
Figure A6.1.2. Variation of the function f along the s-coordinate. 
Forward differences of the derivative off(s) are defined as: 
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[f(s+h)-f(s)] (1)[ , h'" ] h = h f(s)+hf (s)+2T f (s)+ ............ -f(s) 
= f'(s) + ~ f"(s) + ~ f"'(s)+ ............................... (A6.3) 
2! 3! 
simplifying this equation gives: 
f'(s) = [ f(s+ h~ - f(s) ] + O(h) ............................... (A6.4) 
Where O(h) represents the first "order ofh". The appearance of higher derivation terms of 
the equations, known as truncation errors (TE), are due to the rounding off of higher-
order terms in the Taylor series. A truncation at the second term ~ f"(s), portrays the 
2! 
accuracy of the order h while that at the third term ~ f'" (s) illustrates the accuracy of 
3! 
h' etc. When the number of the grid points are large, h is small and the truncation error 
is reduced. 
Backward differences of derivatives are defined as: 
[f(s+h)-f(s-h)] I [h' h' h' ] 
- f(s) + hf'(s) + -f"(s)+ ... -f(s) + hf'(s) --f"(s) - - f"(s) ..... 
2h 2h 2 2 2 
[f(s)-f(s-h)] 1[ , h'" . ] 
h h f(s)- f(s)+hf (S)-T f (s) .................. . 
= f'(s)- h f"(s)+~f"'(s)- .............................. (A6.S) 
2 3! 
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Equation (A6.S) can also be expressed in other forms: 
, _[f(s)-f(s-h)] 
f (s) - + O(h) ..................................... (A6.6) 
h 
Combination of equations (A6.4) and (A6.6) gives the centered-difference form of first 
derivatives, an average of the difference between forward and backward formats. 
[f(H h) - f(s- h)] 
2h 
[f(s + h) - f(s - h)] 
2h 
- f(s) + hf'(s) +-f"(s)+ ... -f(s) + hf'(s) - -f"(s)- - f"(s) ..... 1 [ ' h' h' ] 
2h 2 2 2 
f'(s)+ ~; f"(s)+ ................................... (A6.7) 
This equation can also be written as: 
[ f(s + h) 2-hf (s - h)] = f'(s) + O(h 2 ) •••••••••••••••••••••••••••••••••• (A6.8) 
A truncation at the second term of centred difference forms gives a precision of the order 
(h 2) as opposed to that of (h) for both forward and the backward difference schemes. 
This means that halving the step length h, approximately quarters the cause of error as the 
problem is treated in a series of finite steps. 
It is also possible to define the second terms of first-order differences; with reference to 
Figure A6.1.3, an approximation of the second derivative can be written as: 
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f"(s) = ~ {[ f(s+ h~ - f(S)]_ [f(s) - :(s- h)]} + O(h' ) ........................ (A6.9) 
--------.I~- ---- h - - - - - - - ~I· ------------
f(s) - f(s - h) f(s + h) - f(s) 
h h 
Figure A6.1.3: Alternative diagram for a finite-difference scheme. 
A truncation at the second term of second-order differences also gives a precision of 
O(h'), as illustrated in equation (A6.9). Second-order differences can also be defined in 
terms of first-order differences. According to Figure A6.1.3, approximations of second 
derivatives can be represented by: 
or 
, _ f(s+h)-2f(s)+f(s-h) (,) 
r(s)- h' +Oh ................... (A6.IO) 
Explicit finite-difference schemes for diffusion equations can be characterized by 
describing two derivatives, one in the t-direction and the other along the x-direction. 
Using a forward-difference approximation for time derivatives and a central-difference 
approximation for spatial derivatives, the diffusion equation can be simplified to: 
an a'u 
-=c-
at ax' 
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This equation"can be written as: 
U~+l - u~ 
J J 
~t 
n 2 n n u j +1 - u j + u j _1 . 
=c 2 .............................. (A6.11) ( rue) 
Figure A6.1.4. illustrates the numbering of grid points with spatial co-ordinates j-I, j, j+ I 
and temporal co-ordinates n and n+ I. 
tempDral scale 
time. t 1 
n+1 
spatial scale 
__ ----------------------~----------------------__ n --7 X 
(j-1 ) (j) (j+ 1) 
Figure A6.1.4: Diagram for the explicit finite-difference scheme. 
In order to solve this explicit method, the unknown function ut u rl for new time levels 
(n+ I) must be expressed specifically in terms of known values of u at locations j-I, j and 
j+ I on previously calculated time levels (n). This calculation proceeds directly from one 
time increment to the next until the desired time lapse (.) t = n~t, is reached. The 
resulting solution gives the value ofu at discrete points in space and time. 
The truncation error may be reduced by selecting a finer grid, i.e, let smaller size grids 
represent time and space increments. This allows diffusion equations (PDE) to be written 
in numerical forms (FDE) and truncation errors to be defined as: 
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Where: 
The function ut can be approximated to: 
"+1 " CL'1t (" 2" ") u j = u j + (illc)l u j +1 - u j +u j _1 .................................. (A6.12) 
In the explicit scheme, the solution U ;+1 can be computed numerically in a 
straightforward way as shown in Figure A6.1.5, where the symbol (.) indicates points at 
which initial and boundary conditions are given. 
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, 1/ 
/ I' 
, v , v "- / "- / 
/ I' / I' / , / , 
Figure A6.I.S: Grid points for the explicit fInite-difference scheme. 
(.) in Figure A6.I.S indicates points of known solutions and (*) illustrates points of 
required solutions. 
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